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ABSTRACT
Extravehicular activity (EVA), or spacewalks allows astronauts to accomplish
some of the most important endeavors in space history. The importance of EVA
will continue to increase as people venture further into our solar system. The
spacesuit, used to protect the astronaut during EVA, is an anthropomorphic
spacecraft that provides the physical environment a person needs to survive in
the harsh environment of space. Although the suits are safe and effective, the
pressurized suit becomes rigid in the vacuum of space, causing the astronaut to
waste energy. Mechanical counterpressure (MCP) suits offer an alternative to
gas pressurized suits by using elastic garments to provide pressure against the
skin. Despite their many advantages, MCP suits are very difficult to put on, or
don, making them infeasible for use today. A network of gas pressurized tubes is
proposed as a solution to the donning problem. When pressurized, the tubes
expand to become rigid, opening the MCP garment in the process. The system
was modeled and a functional prototype was developed using a novel
construction process. The model can be used as a design tool for future designs
and the prototype serves as a proof-of-concept for this solution to the donning
problem.
The spectacular feats accomplish through spacewalks and space exploration
inspire students to pursue an interest and career in science, technology,
engineering, and math (STEM). Since its inception, the National Aeronautics and
Space Administration (NASA) has been dedicated to educating the public about
its compelling mission, fascinating discoveries, and the complicated technologies
it develops. However, as the United States slips in indicators of student
performance in STEM subjects, many look toward informal education, or
education that occurs outside the classroom, to spur interest in STEM subjects.
To maximize educational outcomes, NASA has developed a strategic framework
to guide its educational programs. This framework is analyzed in the context of
strategic management literature and suggests that the framework could be more
easily implemented if NASA were to refine its education structure using the
strengths of each of its directorates. The proposed framework was implemented
in an informal education project and evaluated to determine if a projects
implemented under the framework achieves the intended learning objectives.
Students showed an increased understanding of NASA's mission and the
complicated nature of space exploration. Suggestions to improve future projects
are also given.
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Department of
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1. Introduction
1.1. Problem Statement
Over the course of human spaceflight, the need for astronauts to leave the safety
and protection of their spacecraft and work outside the vehicle has become
increasingly more common. Extravehicular activity (EVA) allows astronauts to
accomplish some of the most important endeavors in space history, such as the
first human spacewalk, assembly of the International Space Station, launching
and repairing Hubble telescope, and walking on the Moon. In the future, the
necessity of EVA will continue to increase as people venture further into our solar
system.
Astronauts use spacesuits to protect themselves during EVA. The spacesuit is
an anthropomorphic spacecraft that provides the physical environment a person
needs to survive in the harsh environment of space. The distribution of pressure
against the skin, need for oxygen respiration, bodily fluid replacement, protection
from radiation, nutrition, and thermal regulation are all considerations that have
been addressed in current suit designs (Newman 1997). These human shaped
spacecraft are marvels of engineering and ingenuity.
One aspect of the suit, however, has not been adequately designed for human
protection. The current suits are uncomfortable and cause fatigue. As the
pressure environment changes, the suit acts as a balloon around the person,
providing a pressure layer of gas at a fraction of the Earth's atmosphere. This
pressure distributes force against the skin that allows normal human physiology
to continue uninterrupted. In a vacuum environment, however, the suit becomes
stiff and rigid, impeding mobility and forcing the astronaut to waste energy. With
every motion, the astronaut must first do work to bend the suit, then do additional
work to perform his or her task. This can be very tiring or even painful as the suit
impacts and rubs against the body (Webb 1967; Bethke 2004; Newman 2005;
Carr 2007).
A suit that creates pressure against the skin mechanically with elastic material
provides an alternative design to gas pressurized spacesuits. Mechanical
counterpressure (MCP) suits are elastic garments which have many advantages
over gas pressurized suits since they provide pressure to the body without
impeding mobility at a fraction of the cost, mass, and energy expenditure (Webb
1967; Waldie 2005).
Despite their many advantages, MCP suits have several practical limitations
making them infeasible for use today. First, it is very difficult to create uniform
pressure against all parts of the body. Additionally, the tightness of the garment
makes it difficult to put on, or don (Waldie 2005). Many researchers have done
work on pressure production capabilities, with relatively little work done on the
donning problem (Webb 1968; Clapp 1983; Waldie 2002; Tanaka 2003; Newman
2005). With these limitations, elastic suits are not currently practical for space
application. Their advantages, however, continue to make them interesting as a
potential suit design.
EVA allows humans to perform unique missions which make space exploration
an exciting, inspiring field. Since its inception, the National Aeronautics and
Space Administration (NASA) has been dedicated to educating the public about
its compelling mission, fascinating discoveries, and the complicated technologies
it develops (NASA 2007). NASA promotes technical education through its
education division, mission directorates, centers, and external researchers, all of
whom work to improve student performance and inspire interest in technical
fields (Quinn 2005).
NASA is part of a broader effort to improve student performance. The shape of
science education in the United States has generated a great deal of attention
from both the public and policy makers. Academic performance in science,
technology, engineering and math (STEM) subjects is decreasing, while the
demand for highly trained, technical jobs is increasing. The United States has
put less emphasis and resources on STEM subjects and teacher training than
other nations. Many fear this trend will lead to decreased economic stature and
a lower standard of living (Rising Above...; Lanzerotti 2008; Katehi 2009). Many
federal agencies, including the NASA, have been tasked with promoting STEM
education in their respective fields.
Despite initiatives to improve formalized education in the classroom, progress
has been less than expected. As a result, educators increasingly look toward
informal education, or education that occurs outside of the classroom in
museums, aquariums, planetariums, and after school programs to name a few,
as a way to fill the gap (Bell 2009). Informal education supplements classroom
activity in a way that engages and inspires student interest. Additionally,
engineering and technology education, the "T" and "E" in STEM, are still in their
formative stages for formalized education. Many school districts have yet to
implement curricula around these topics. Some experts, however, feel that
emphasizing technology and engineering can serve as catalysts for learning
science and math in innovative, hands-on ways. Among the public there is very
little understanding of what engineering and technology education looks like. As
a result, greater awareness and teacher professional development is required
before these topics can become integrated into standard curriculum (Changing
the Conversation.. .2008). One of the best ways to increase STEM awareness is
in an informal education environment.
1.2. Research Objectives
The work in this thesis examines the problem of MCP suit donning and proposes
a practical solution that can be implemented on an elastic glove prototype.
NASA's informal education policies are also evaluated. Suggestions are given to
refine the Agency's education framework and how the proposed framework was
implemented in an informal education project.
1.2.1. Overview
This thesis addresses the donning problem in MCP suit design. A gas-
pressurized network of tubing sewn directly to the exterior of an elastic garment
is presented as a viable solution. Prior to donning, the tubes are pressurized,
causing them to expand and become rigid. This will in turn pull the garment open
to a size larger than the body. The person is able to easily put the garment on.
Once inside, the tubes are depressurized and the elastic garment shrinks against
the skin, providing the necessary pressure to the body. This solution is modeled
and implemented in a glove design, building on work from previous researchers.
This thesis then presents an analysis of NASA's education strategic management
framework. It proposes a framework to enhance NASA's current framework,
focusing on informal education. The proposed framework incorporates best
practices from strategic management policy. Finally, the work will demonstrate
how the framework was implemented in an informal education project, Montana's
Big Sky Space Education: The NASA ExplorationSpace at Exploration Works. An
evaluation of framework implementation was conducted as part of exhibit
evaluation, the results of which are presented here.
1.2.2. Specific Aims
The specific aims of this thesis are:
1.2.2.1. Specific Aim 1: Modeling
To develop a model capable of predicting the behavior of a network of toroidal
rings loaded by an elastic garment.
1.2.2.2. Specific Aim 2: Prototyping
To develop a network of gas-pressurized tubes used to open a MCP garment,
and to test it both experimentally and analytically.
1.2.2.3. Specific Aim 3: Framework Development
To develop an education strategic management framework that builds from
NASA's current education framework and is more implementable than the current
NASA plan.
1.2.2.4. Specific Aim 4: Evaluation
To evaluate the proposed framework in the context of an informal education
project in order to provide lessons that can be incorporated into future programs.
1.3. Research Approach
The work to accomplish these specific aims will be presented as follows:
Chapter 1: Introduction - In this chapter, the problems and proposed solutions
are introduced. It also outlines how the thesis is structured.
Chapter 2: Literature Review - This chapter reviews significant work done in both
spacesuit design and informal education. It reviews the history of gas
pressurized and MCP spacesuits and NASA's education program.
Chapter 3: Methods - This chapter outlines the approaches used to accomplish
the specific aims. It establishes the requirements for a suitable MCP donning
solution and the design methodology used. It also outlines how NASA's
education policies were analyzed and the method used for the evaluation
process.
Chapter 4: Donning/Doffing System Results - In this chapter, the mathematical
model explaining the donning system is presented. The final glove construction
process is described and tested in comparison with the model.
Chapter 5: Policy Analysis Results - This chapter presents the current NASA
education framework and proposes modifications. It discusses how the
proposed framework was implemented and evaluated in Montana's Big Sky
Space Education: The NASA ExplorationSpace at Exploration Works.
Chapter 6: Conclusion - The work presented in this thesis is reviewed. The
major conclusions are reiterated, limitations discussed, and future work to be
done is proposed.
20
2. Literature Review
2.1. Current State of Spacesuit Design
Human beings have adapted well to our Earth environment. We have evolved to
live under 101.3 kPa of atmospheric pressure, gravitational acceleration at 9.8 m/
sec2, and an average of 1000 W/m 2 of radiant energy from the sun striking the
planet's surface. Within that environment, the body is capable of regulating
temperature, respiration, nutrient and water intake, and many other functions to
maintain human performance at a certain level.
In space, however, the environment is dramatically altered. In order to provide
the conditions people experience on Earth, scientists and engineers have
developed spacesuits to augment astronauts' surroundings and protect them
while outside the spacecraft. There are two major categories of spacesuit
design: those that provide pressure pneumatically with gas, and those that
provide pressure mechanically with tight garments. In the history of human
spaceflight, suit engineers have dealt with design considerations for going from
Earth to microgravity and the Moon. In the future, it will be necessary to consider
Martian, and potentially other surface environments.
2.1.1. Extravehicular Activity
Extravehicular Activity (EVA) is work that requires the astronaut to put on a
spacesuit and leave the spacecraft. It is one of the most complicated and
dangerous duties an astronaut performs. Historically, every suit used in EVA has
been gas pressurized. These types of suits, however, impede mobility due to the
pressure difference between the suit and the external environment, causing the
suits to become stiff and rigid (Webb 1967; Newman 1997). This leads to wasted
energy and even injury (Bethke 2004; Newman 2005; Carr 2007). As astronauts
spend more time outside of the spacecraft, the necessity for an improved suit is
becoming more apparent.
2.1.1.1. History of Spacesuit Design
The first EVA suits were derived from designs used for both pilots and those suits
worn inside the spacecraft during the Mercury and early Soviet space programs.
For several years, pilots used flight suits, such as the Capstan suit shown in
Figure 1, to protect the body or prevent blackouts caused by flying at high
altitude or at high forces of gravity, or G's (Waldie 2005). The first suits flown in
space were designed for intravehicular activity (IVA), and protected the astronaut
during launch and reentry in the event of cabin depressurization. The first Soviet
suit was called the SK-1 and was developed by Zvesda. In this suit, Yuri Gagarin
became the first human to fly in space (Newman 1997). Likewise, B.F. Goodrich
developed the first US IVA spacesuit during the Mercury program, also shown in
Figure 1. Each of these suits used gas pressurization to protect the astronaut,
but were not sufficient for sustained use, as would be required for EVA (McBarron
1994).
Figure 1. Pilot and IVA suits from which EVA suits were designed. A) The
Capstan Suit used an inflatable tube, which, when expanded, constricted elastic
bands around the pilots body, preventing blackout in high G maneuvers. B) The
IVA suits of the Mercury program pressurized and protected astronauts on orbit.
These suits formed the basis for EVA suit design. Image Credits: Waldie 2005
and NASA
The first EVA spacesuit was successfully used by Russian cosmonaut Alexei
Leonov on March 18, 1965. His suit, as seen in Figure 2, used an umbilical
tether to provide life support while outside the craft. Although the mission was
successful, the rigid suit nearly cost Leonov his life. While in the vacuum of
space, his suit expanded and became so stiff he had a great deal of difficulty
reentering the spacecraft. He expended so much energy attempting to force his
way back into the spacecraft he exceeded the thermal control capabilities.
Eventually, he was forced to release some of the gas in his suit, at the risk of
getting decompression sickness. He made it back inside safely, and the lessons
learned from his experience were invaluable (Waldie 2005).
Ed White performed the first U.S. EVA on June 3, 1965 during the Gemini
program. Like Leonov, White was tethered to the spacecraft for life support and
.......... .......... ..........  .. .... .............  ......................... 
Figure 2. First EVA by Leonov. Although successful, Leonov's suit became
rigid once outside the spacecraft, endangering his life. The design lessons
learned from each of the initial EVAs proved invaluable for future suit
improvement. Image Credit: NASA
his suit proved difficult to maneuver. Also like Leonov, the energy he spent to
move inside the suit was too great for the suit's thermal regulation system to
control (Waldie 2005). Despite some of the severe limitations of these suits,
these early designs were successful and led to great improvement in spacesuit
design.
Arguably, the most spectacular EVAs ever performed were those by the Apollo
astronauts on the surface of the Moon. Neil Armstrong and Buzz Aldrin landed in
Apollo 11 on July 20th, 1969. In total, 12 men performed 14 EVAs on 6 missions
to the Moon's surface. Suits required untethered life support for a long duration,
improved mobility, and thermal control. The suit was designed around the lowest
possible, safe level of pressure to help improve mobility. However, astronauts
still had a great deal of difficulty moving their lower body and hips. The suit was
.................................................................. ..  
developed by Hamilton Standard and International Latex Corporation (ILC) and is
shown in Figure 3 (Waldie 2005; Scheuring 2008).
Around the same time, Zvesda developed a new
was designed with a hard upper torso made from
a rear hatch entry with the life support equipment
of the suit (McBarron 1994).
suit called the Orlan. The suit
aluminum. The Orlan featured
directly integrated into the body
As both the United States and the USSR transitioned toward missions orbiting
the Earth on their respective space stations, the need for lower body suit mobility
decreased. Instead, both countries focused on making suits more lightweight,
comfortable, and improving glove design (McBarron 1994; Jordan 2006;
Figure 3. Apollo era EVA suit. The suits developed for lunar exploration
were independent of the spacecraft and provided longer duration life support
systems. The suits remained difficult to move in. Image Credit: NASA
........................... r M ................. :::: .............. 
Scheuring 2008). The number of EVAs performed has increased dramatically
with the assembly of the International Space Station (ISS). Around 950 EVA
hours have been logged in its assembly, an example of which can be seen in
Figure 4 (Wade 2010).
2.1.1.2. Currently Flown Spacesuits
Three countries have developed their own spacesuits: the United States, Russia,
and China. Each of the three currently flown suits can be seen in Figure 5.
Although distinct designs, each of the three suits is gas-pressurized, making
them fundamentally similar, leading to comparable limitations in effectiveness.
Figure 4. Astronaut assembly of the ISS. Astronauts have logged around
950 hours of EVA in the construction of the International Space Station. Lower
body mobility is no longer a primary design concern. Instead, glove design is the
primary issue to decrease hand fatigue. Image Credit: NASA
.......... : .............. ....... ....... : r .: ; mm
The current United States suit is called the Extravehicular Mobility Unit (EMU)
and is made by Hamilton Sunstrand. It consists of 18 separate pieces, the most
important of which form the spacesuit assembly (SSA). The SSA includes both
the anthropomorphic full body suit and the primary life support system (PLSS),
which is the backpack carrying the life support systems. The suit weighs 113 kg,
and is filled with pure oxygen to a pressure of 29.6 kPa (the partial pressure of
oxygen required for respiration) (Asker 1996; Newman 1997).
The core of the SSA is formed by the hard upper torso (HUT). It is a hard chest
piece from which the rest of the suit is mounted. Soft fabric pieces connect to the
HUT at the shoulder psi bearings, and the waist bearing. The soft pieces of the
Figure 5. Currently flown gas pressurized EVA suits. A) The EMU flown
by NASA. This suit has gone through several improvements since its
development for the Shuttle through the current iteration for the ISS. B) The
Russian Orlan suit has been used since the 1970's, also with several
improvements. The main design difference between the Orlan and EMU suit is
the Orlan suit's rear hatch entry, improving donning. C) The Feitan suit is the
Chinese EVA suit and has a very similar design to the Orlan suit. Image Credit:
NASA, Mark Wade, Johnson Lau
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spacesuit assembly have 14 layers, including the liquid cooling ventilation
garment (LCVG). Together, these layers maintain body temperature, provide
protection from radiation and micrometeorites, and maintain gas pressure against
the skin. The helmet and visor assembly connect to the HUT at a rotating joint.
Inside the helmet, the astronaut wears a soft fabric hat to aid communication,
called the Cap-Com or "Snoopy Cap" that is secured under the chin. Overall,
there are only 4 suit sizes, but astronauts may mix pieces to get the best fitting
suit available1 (McBarron 1994; Newman 1997).
The PLSS provides oxygen, cooling water, drinking water, food, waste collection
and removal, electrical, and communications support to the astronaut for up to 7
hours. Inside the PLSS, air from the suit is cleaned of C02 and other
contaminants such as water vapor, and fed back into the system. The heat is
removed from the water coming from the LCVG. Another important function of
the PLSS is to maintain suit pressure (McBarron 1994).
Like the EMU, the Russian Orlan suit consists of a hard upper torso with soft
deformable pieces for the legs, arms, and gloves. Astronauts must also wear a
LCVG to control body temperature and a communications cap similar to those
used in the EMU. The suit provides the same life support functions, maintaining
regular human physiology for 9 hours (Asker 1996). The Orlan suit can be seen
in Figure 5.
1 Suit sizes are small, medium, large, and extra-large. However, only medium, large, and extra-
large have been flown, limiting the sizing capability. This leads to a poor fit for smaller astronauts.
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The suits are strikingly similar, but there are some major differences. First, the
Orlan suit has a lower donning time because it has a rear entry hatch, meaning
the wearer may enter the suit and swing the back of the suit closed. In the EMU,
the wearer must enter the HUT and then connect the soft lower body and PLSS.
The Orlan suit's life support systems are integrated directly into the rear hatch
door, unlike the EMU backpack assembly. The pressurized tanks and wiring are
exposed to the pure oxygen environment in which the cosmonaut operates. This
is considered more dangerous, but it allows a simpler design (Newman 1997;
Waldie 2005). The Orlan suit is maintained at a higher pressure of 40.6 kPa but
can also operate at 27 kPa in the event of an emergency. The higher pressure
allows for a smaller pre-breathe time prior to EVA, but makes the suit more
difficult to move. The Orlan weighs 112 kgs, approximately the same as the EMU
(Asker 1996).
The first Chinese EVA was performed in 2008 on Shenzhou-7 using the first
Feitian suit, seen in Figure 5. The Chinese space program keeps many of their
systems classified, so little is known about the Feitian suit. There have been
several papers published about the suit's development, but not its actual
capabilities (Qiu Yi-fen 2004; Han Long-zhu 2005; Minglian 2010). Some
suspect the Feitian suit is a derivative of the Orlan. The Chinese claim, however,
that the design was totally indigenous. The suit weight is estimated at 110 kgs
and has 10 layers. It can provide life support for up to 7 hours with the same
functionality of both the Russian and US spacesuits. The suits are only used
once (Xinhua News 2008).
In total, over 100 astronaut days have ben performed in EVA (Wade 2010). In
that history, no debilitating injuries have occurred, a considerable
accomplishment considering the dangerous nature of EVA. This is a testament
to spacesuit design and mission preparation.
2.1.1.3. Future of EVA
As spaceflight becomes increasingly more common, the percent of astronaut
time spent in EVA will continue to grow. Future generations of astronauts will be
asked to perform different types of EVA than those already accomplished. Some
will be geared toward setting up a permanent presence on extraterrestrial bodies,
with new objectives including building habitats, performing scientific experiments,
and exploration of the surrounding terrain (Newman 1993; Waldie 2005). Others
will be performed in microgravity or low-gravity to perform maintenance and
conduct tests. EVA will become one of the most essential parts of future mission
success (Newman 1993). Each of these tasks will required a higher degree of
mobility than is currently seen in gas pressurized suits. Additional challenges
facing EVA suit design are to make EVA more comfortable, less complicated, and
safer (Waldie 2005).
2.1.2. Need for Pressurized Garments in Space Environment
At the Earth's surface, the atmosphere creates 101.3 kPa of pressure against the
skin. The body's physiology has evolved under these conditions. The body is
robust against small fluctuations in the pressure, but in extreme conditions, like
the vacuum of space, normal physiology is impaired.
The vascular system maintains blood pressure so that at the skin's surface, there
is no pressure differential and the body is at equilibrium. If that balance changes,
however, it is possible for the blood to pass through the vascular walls, moving
into intercellular space. This is known as edema, and although not painful, can
lead to decreased blood volume, decreased mobility, and bruising (Waldie 2005).
Also, as a person breathes, the composition and pressure of the atmosphere
allows blood cells to absorb oxygen. This is governed by the partial pressure of
the oxygen, which, according to Dalton's Law, at 101.3 kPa and 21%
composition, is 21.3 kPa. At this partial pressure, oxygen is dissolved in the
lungs and absorbed by red blood cells. Reducing the partial pressure of oxygen
below this limit prevents respiration and oxygen exchange to occur (Newman
1997).
In addition to Oxygen, inert gasses, such as Nitrogen, are dissolved in the
bloodstream and tissues. The primary risk associated with EVA is developing
decompression sickness (DCS), a result of inert gasses forming harmful bubbles
in the blood stream (Buckey 2006). This is brought on by large or quick changes
in pressure, causing the gasses to come out of solution. These bubbles are
known as veinous gas emboli (VGE) and can lead to the onset of DCS, which is
considered to be the appearance of symptoms resulting from excessive bubble
formation.
Symptoms associated with DCS can be minor, but may become life-threatening
depending on the severity of the DCS. Some bubbles may block capillary walls,
causing compression and ischemia. This can increase local blood pressure and
decrease circulation. Bubbles can also create great discomfort in joints, and may
be debilitating for an astronaut. The greatest danger, however, occurs when
bubbles enter the arterial side of the cardiovascular system. Bubbles could then
be deposited in the central nervous system or brain, leading to permanent
damage and even death (Buckey 2006; Norfleet 2008).
In the current spacecraft architecture, the ISS, Progress, and both Russian and
US spacesuits are maintained at different operating pressures. Suits are
operated at the lowest pressure possible to allow for the greatest mobility, but at
pressures above the 21.3 kPa minimum for respiration. As a result, the suits are
operated at 100% oxygen composition. Spacecraft are operated at standard
atmospheric pressure of 101.3 kPa to ease engineering constrains and provide a
consistent environment for experiments. In the future, it is likely that habitats and
suits will continue to vary in their pressurization (Scheuring 2008). Currently, to
prevent DCS, astronauts moving between different pressures must spend hours
waiting during a mandatory pre-breathe decompression period, taking valuable
time away from their work schedule (Buckey 2006; Hoffman 2008; Scheuring
2008). To reduce the propensity for DCS, it is desirable to increase suit pressures
to more closely match the habitat pressures, which are maintained at
atmospheric pressure and composition (Scheuring 2008). If the pressure of a
future spacesuit was increased to 41.4 kPa, for example, the risk of DCS could
be operationally minimized (Hoffman 2008). The astronaut could transition
between suit and habitat without worry. For gas pressurized suits, however,
higher pressure decreases mobility, causing the astronaut must use extra energy
to articulate the suit (Holschuh 2009).
Whether astronauts are in microgravity or on an extraterrestrial body,
atmospheric pressure will be absent during EVA. Even Mars only has 1 kPa of
pressure, far less than the 29.6 kPa the body requires (Waldie 2005). For these
reasons, pressure production is one of the most important functions of a
spacesuit.
2.2. Mechanical Counterpressure
As an alternative to gas-pressurized suits, mechanical counterpressure (MCP)
suits provide pressure directly to the skin using tight elastics, mimicking the skin's
own functionality. These suits offer advantages over gas suits in that they allow
for greater mobility, are lightweight, compact, and lead to lower metabolic costs
due to less wasted energy. Additionally, MCP suits are safer than gas
pressurized suits since a puncture would only lead to localized depressurization,
rather than a full suit gas leak (Bethke 2004; Carr 2005; Waldie 2005; Waldie
2005; Carr 2007; Carr 2007; Newman 2007). Despite these advantages, there
are two major technological issues that must be resolved before MCP suits can
be feasibly implemented: uniform pressure production and the difficulty of
donning (putting on) the suit (Webb 1968; Waldie 2005).
2.2.1. Space Activity Suit
The first full body MCP suit, the Space Activity Suit (SAS), was created by Webb
and Annis in the late 1960's. The suit can be seen in Figure 6. The SAS
produced 13.3 kPa of pressure, although most tests were at 8 kPa of garment
pressure. In testing, the SAS subject retained 71% of his unsuited mobility, and
was able to perform tasks that were virtually impossible in a gas suit, such as
climbing ladders. Also, the SAS reduced metabolic costs by 27% over a gas-
pressurized suit (Webb 1967; Webb 1968). Despite its initial success, there were
2 major technological faults that prevented the SAS from being implemented.
The first was that it is very difficult to create uniform pressure against the skin,
especially over concave surfaces of the body like the inside of the elbow or back
of the knee. The main reason the project was canceled, however, was the
difficulty for the subject to put the suit on, or to don. It required 6 layers and 3
people 30-60 minutes to don, which would be unrealistic for flight (Webb 1968).
In addition to pressure production research, Webb also evaluated the
Figure 6. Space Activity Suit in testing. This suit was the first full body
MCP suit and offered significant improvements over the Apollo gas pressurized
suit. The primary reason the program was canceled was due to donning issues.
Image Credit: Webb
physiological limits of the body due to under-pressure. His group found that a
square millimeter area of the body could be exposed to vacuum before any
negative physiological effects were found (Webb 1967). Although the project did
not get selected to produce the US operational spacesuit, the potential
advantages of using an MCP suit were apparent.
2.2.2. Advances in MCP Glove Technology
With advancements in elastic materials and as limitations of gas suits have
become more apparent, there has been resurgence in MCP research. The
majority of research has been on constructing garments capable of producing
high pressures, rather than resolving the donning issue. Additionally, several
researchers have furthered the work to understand the physiological effects of
under-pressure. This work has primarily been focused on glove design since the
hand and arm are well approximated as cylinders with small radii. As seen from
the hoop stress equation, designing high pressure garments is easier for smaller
portions of the body since pressure scales as the inverse of the radius (Roylance
2001).
Clapp at MIT performed the first important study on MCP after the SAS. Clapp's
study used a spandex glove modeled after Webb's design and compared hand
dexterity and tactility against an EMU glove. The design included an additional
gauntlet piece used over the arm and palm to increase pressure and inserts over
convex portions hand and arm. The designed glove pressure was 24.1 kPa. The
experiments included angular deflection of each joint, the Purdue Pegboard test,
strength tests to measure hand fatigue from glove, edema levels, and tactile
feedback from different sized coins. The MCP glove had greater mobility,
dexterity, was less fatiguing, and had greater tactility than the gas pressurized
glove. However, the subject had edema on the palm after half an hour. Later
designs showed no edema on the palm even though it was significantly under-
pressurized and exposed for twice the time (Clapp 1983).
Focusing specifically on glove design, Clapp used a zipper on both the glove and
gauntlet to aid in donning; a convenient construction method. His design,
however, produced indentations on the skin after half an hour of use (Clapp
1983). A zipper's teeth could also become a failure point for pressure production.
No study was documented to justify his selection and he noted "improvements on
the donning design" as something to be addressed in future work.
At the University of Maryland, Akin's group has several studies on spacesuit
gloves, including developing a method for standardizing glove dexterity tests
(Welsh 2001). Additionally, the group developed a hybrid gas pressurized glove
that has a lower profile than current gas pressurized gloves. Using the hybrid
method, the group was able to improve dexterity and hand mobility (Korona
2002). Again, there has not been a documented study on any work related to
the donning issue.
The most prolific MCP group is headquartered at the University of San Diego in
conjunction with Honeywell. This group has also teamed up with Webb and
Tanaka, each of whom conduct successful prototype testing in their respective
locations. The team has tested gloves and sleeves at pressures between 26.6
and 29.6 kPa, the pressure of the EMU . The group has also performed studies
on mobility, fatigue, and tactility (Waldie 2002; Tanaka 2003; Danaher 2005;
Tanaka 2009).
One of their greatest contributions to MCP research has been on the
physiological limits of the body with under-pressure. The group found, with the
work of Tanaka, that the mechanical counterpressure garment reduced changes
Figure 7. Honeywell/UCSD glove pieces. The glove pieces were donned
from left to right, producing the required amount of pressure against the body.
This glove was used in extensive testing for pressure, tactility, dexterity, and
physiology measurements. Image Credit: Waldie 2005
and negative effects of under pressure, such as discomfort, changes in blood
flow, and a drop in skin temperature (Tanaka 2002; Reddig 2003; Tanaka 2003).
Although the group's gloves produce the highest pressures seen in MCP, the
glove and sleeve assembly requires 5 pieces, as seen in Figure 7, with an
additional power layer used when pressurizing the arm (Tanaka 2003; Waldie
2005). This is likely a time consuming process, although donning times have not
been published. The group has not produced a study on improved donning
concepts. However, the researchers continually note that the donning issue is
one needing to be solved.
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2.2.3. Full Body MCP and Donning Studies of the BioSuit TM Project
The first rigorous study of donning/doffing concepts came with the work by
Professor Newman's group in the Massachusetts Institute of Technology Man
Vehicle Lab. The project was known as the BioSuit TM and explored both
conceptual and experimental methods for donning MCP garments
2.2.3.1. BioSuit TM Concept
The BioSuit TM emphasized mobility and minimized energy expenditure for future
planetary exploration through the use of advanced MCP technologies. When
possible, the suit would mimic nature to create a "second skin" for the wearer
(Newman 2000; Newman 2005; Newman 2007). By decoupling pressure
production with donning, the BioSuitTM would be easier to put on than more
traditional MCP garments. Most of the methods explored attempted to develop a
garment that would slowly shrink around the wearer, minimizing discomfort in
donning (Frazer 2002). These concepts are also advantageous from a systems
perspective since pressure production was isolated from other suit functions, like
thermal and micrometeorite protection (Jordan 2006). Technology to monitor
physiology, aid in locomotion, thermal control, or to create pressure could be
integrated directly into the garment (Carr 2004; Essenburg 2008). Additionally,
the group defined functionality requirements for future spacesuits. They
accomplished this by evaluating several types of protective garments, current
and past spacesuit performance, and incorporating the needs for future
exploration missions (Frazer 2002; Bethke 2004). Finally, a great deal of work
was done on calculating the energy expended to move the spacesuit, taking into
consideration the gravity environment and type of suit that may be worn (Carr
2005; Carr 2007; Carr 2007; Carr 2007).
2.2.3.2. Donning/Doffing work
Each of the concepts and prototypes explored in the BioSuit TM project
emphasized ease in donning. Several innovative concepts were evaluated, as
shown in Figure 8.
The Electric Alloy Mesh concept uses shape memory alloys (SMA) to control
pressure with voltage, which in turn changes the material's temperature, resulting
in a change in shape. The pressure is then distributed through a gel that will also
be used for thermal regulation (Bethke 2004). The Stretch Alloy Band uses SMA
to pull together material that is inextensible in the circumferential direction but
elastic longitudinally. This will allow for stretch as the person moves, giving
Electric Smart Gel Stretch Alloy
Alloy Mesh Band
Electrospinlacing Electric Alloy Zipper
Figure 8. Advanced concepts explored in the BioSuitTM project. Each of
the proposed concepts decouples pressure production and donning by using
smart materials to produce pressure against the skin. Image Credit: Bethke 2004
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greater mobility, without losing pressure created from circumferential
compression (Frazer 2002; Bethke 2004). The Electric Alloy Zipper uses SMA's
at the seams and in the zipper. Prior to donning, the seams are relaxed, allowing
the user to don the suit easily. The zipper and seams are then activated, drawing
the suit tight and ensuring the closuer mechanisms is fail-proof (Bethke 2004).
The Thermal Gel Suit uses gels whose volume changes up to 100 times the
original volume by changing PH, voltage, or temperature. The gel is held inside
an inextensible garment, which will direct pressure onto the body as the volume
changes (Frazer 2002; Bethke 2004). Electrospinlacing could be used to spray
on the suit material. This would be extremely easy to don. The polymers could
then be drawn tight by once again changing suit properties (Bethke 2004).
Although innovative, each of these prototypes is still several years away from
being ready to fabricate. The technologies required to cause contractions of an
MCP material of this magnitude has not been developed. Nonetheless, these
concepts have merit and could be potential design starting points in the future.
Another major thrust of the effort was to produce non-traditional MCP garments
that allowed the suit pieces to be donned rapidly. Example prototypes can be
seen in Figure 9.
Initially, the group developed prototypes that used a hybrid gas/MCP method.
These prototypes used a series of air-pressurized channels placed inside an
Elastic Elastic Single- Multi- Spray Urethane
Bindings Bands channel channel w/ Foam
Figure 9. Non-traditional MCP prototypes developed in the BioSuitTM
project. Each prototype demonstrated the concept could be feasibly
implemented, however, each either did not produce the required pressure, did
not improve don times, or broke during testing. Image Credit: Bethke 2004, Sim
2005, Judnick 2007
inelastic material. When the channels were inflated, they expanded to draw the
material tight, creating pressure on the leg (Frazer 2002; Bethke 2004; Bethke
2004). An inextensible garment was made to match the circumference of a calf.
Then, an air bladder was placed inside the garment. When pressurized, the
garment is drawn tight and creates pressure. Both single and multiple channel
designs were tested. The garment was tested under vacuum and gave
pressures between 12 and 25 kPa, depending on the channel pressure (Bethke
2004; Bethke 2004). These prototypes, however, were unable to achieve
uniform pressure over the entire leg, causing uncomfortable localized areas of
high pressure.
The group also explored MCP garments that did not require fluids, but rather
used garment tension for pressure production. The first method attempted used
elastic bands over the leg in varying numbers. The discrete bands were placed
one-by-one in a time consuming process. This method produced a high degree
of variability in pressure around non-cylindrical parts of the body. Additionally,
each of the prototypes caused over-pressure while being donned, causing
restricted blood flow and discomfort. Mobility was not impaired, but with greater
knee flexion came greater discomfort as the bands became more layered around
the back of the knee, increasing pressure (Sim 2005).
Next, a continuous elastic binding wrapped around the leg was tested. The
donning process was uncomfortable since the subject had significant over
pressure while stretching the binding. It was also time consuming since a spring
scale was used to ensure proper tension was maintained with each wrap.
Vertical lines were added to the prototype to expedite the process (Sim 2005). It
was also difficult to stretch the binding over the thigh. Subjects had variable fat
content, changing the radius of curvature. All subjects terminated prototype
testing due to discomfort or issues with the test setup. For some subjects, the
binding slipped, causing areas of the body exposed to vacuum (Judnick 2007).
As a proof of concept for the electrospinlacing concept, prototypes sandwiching
foam between airtight spray-on urethane were tested. An inextensible garment
was placed over the pressurized foam layer to transfer the force to the body. On
a mannequin, these prototypes created between 15 and 30 kPa, depending on
the pressurization of the foam (Bethke 2004). When used on a real leg, however,
the prototype did not produce the designed pressure. Additionally, the full
prototype was uncomfortable and the subject terminated testing early. The
prototype ruptured during mobility tests at only 90 degrees of knee flexion (Sim
2005).
Overall, the BioSuitTM prototypes were marginally successful in their pressure
production, but none proved successful in testing. The primary contribution of
the effort was in bringing attention to novel concepts not previously explored and
bringing donning issues into focus.
2.2.4. Challenges in MCP Design
Although a great deal of work has been on creating MCP garments, the concept
is still several years away from implementation. The issues of pressure
production and the effects of under-pressure on a person's body continue to be
studied. Further advancements in materials technologies will bring additional
prototypes which produce pressures in the ranges required for spaceflight. In the
meantime, however, additional work to address the donning problem is needed
so a viable solution can be found and be ready for use when an operational
MCP garment is developed.
2.3. STEM Education in the United States
The shape of science, technology, engineering, and math (STEM) education in
the United States has generated a great deal of attention from both the public
and policy makers. Academic performance in STEM subjects is decreasing,
while the demand for highly trained, technical jobs is increasing (Rising Above...;
National Science... 1996; Lanzerotti 2008; Bell 2009). The United States has put
less emphasis and resources on STEM subjects and teacher training than
several other nations. Many fear this trend will lead to decreased economic
stature and a lower standard of living (Rising Above... ;Lanzerotti 2008). Figure
10 shows the number of degrees awarded in STEM subjects by country over
time. The United States has awarded a decreasing number of degrees in
engineering and a small increase in the number of degrees awarded in the
natural sciences. Many countries, however, have seen steady growth in both
fields, or, as in the case of China, enormous gains in the number of degrees
awarded (Lanzerotti 2008). As a result, many federal agencies, including the
National Aeronautics and Space Administration (NASA), have been tasked with
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engineering degrees awarded in the US has been on a slight decline over the
past 25 years. Many other industrialized and industrializing nations have had
marginal growth, while China has seen a huge surge in this sector. B) The
number of degrees awarded in the natural sciences in the United States and
many other nations has seen a moderate growth, while China has again seen a
large spike. Image Credit: Lanzerotti
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promoting STEM education in their respective domains (Rising Above...; ; NASA;
Quinn 2005). The following section reviews STEM education in the United
States and reviews the role of federal agencies in educating the public.
2.3.1. Informal Education as a Supplement to Formal Education
Despite initiatives to improve formalized education in the classroom, progress
has been slower than expected. As a result, people increasingly look toward
informal education, or education that occurs outside of the classroom in
museums, aquariums, planetariums, home, television, internet, and after school
programs, as a way to promote STEM subjects (Quinn 2005; Walker 2005; Bell
2009). Informal education supplements classroom activity in a way that engages
and inspires student interest (Bell 2009). Informal education learning is self
motivated, often inspired by previous interest, curiosity, or even by accident. This
type of learning is very different from traditional classroom models of education
and has a wide breadth of benefits to offer (Hofstein 1996).
Additionally, classroom engineering and technology education, the "T" and "E" in
STEM, are still in their formative stages for formalized education. In many school
districts, they have yet to find their way into the classroom. Some experts,
however, feel that emphasizing technology and engineering can serve as
catalysts for learning science and math in innovative, hands on ways (Katehi
2009). Among the public, however, there is very little understanding of what
engineering and technology education looks like. As a result, greater public
awareness and teacher professional development is required before these
education topics can be regarded as standard curriculum (Changing the
Conversation... 2008). One of the best ways to increase engineering awareness
is in an informal education environment.
2.3.2. Role of Federal Agencies in STEM Education
States are primarily responsible for funding education and setting standards.
However, the Federal government has increased its influence in the education
sphere in order to shift the trends seen in STEM education. Increasingly, federal
agencies are being required to promote education through their mission (Koteen
1997). The Department of Education and its initiatives have the greatest
influence of any federal entity on a national scale. According to the Academic
Competitive Council, in 2006 there were 105 STEM education initiatives totaling
over $3 billion in federal funds (Report of the Academic... 2007). For illustrative
purposes, this work focuses on three agencies which contribute a great deal of
content and programming for STEM education: National Science Foundation
(NSF), the National Oceanic and Atmospheric Administration (NOAA), and the
National Aeronautics and Space Administration (NASA).
2.3.2.1. Federal Agencies - NSF NOAA, NASA
The NSF provides the most federal support for education, even more than the
Department of Education (Report of the Academic... 2007). The organization has
an education division whose mission is to achieve STEM excellence in both
informal and formal education among a diverse group of people and disciplines.
It hopes to promote a well informed citizenry and to improve the nation's
workforce entering technical fields. In addition to funding education programs,
the NSF supports education research in the hope of improving education quality
and to increase understanding (About Education... 2008). Their influence can be
seen through their many programs, including the Graduate Fellowship Research
Program, Transforming STEM Learning, Advanced Technology Education, and
Informal Science Education, among many others.
Like the NSF, NOAA has a division for education, but focuses their programs on
its primary research objectives. NOAA's mission is, "to advance environmental
literacy and promote a diverse workforce in ocean, coastal, Great Lakes,
weather, and climate sciences, encouraging stewardship and increasing informed
decision making for the nation." Increasing environmental literacy is NOAA's
primary way to bridge the gap between its research and public perception about
environmental issues. They hope this will enable more students will find their
way into STEM related fields and feed directly into the NOAA workforce (Kotch
2009). Some of the highest impact education initiatives from NOAA include
Science on a Sphere, the Coastal Ecosystem Learning Center Network, and the
Cooperative Program for Earth System Education.
NASA's objectives are very similar to those of NOAA's: to improve the STEM
workforce for NASA's research, to increase student attraction to STEM, and to
increase general literacy on NASA's mission (Communications Strategy...). The
Agency's role in education will be discussed in greater detail below.
2.3.2.2. Strategic Management in Agency Programs
Mirroring the techniques seen in industry, many government agencies use
strategic management to help their organization's performance. In fact, agencies
are often required by law to develop strategic policies and management plans
(Koteen 1997). Strategic management is the development of policies and
strategy which will move an organization in its desired direction to achieve its
goals by using its resources efficiently. Its purpose is to, "achieve higher quality
product and service to better serve and satisfy customers at less cost, in down-
sized and streamlined organizations (Koteen 1997)". These objectives, however,
are more easily defined for profit-seeking private companies. Many of the
strategies used in public and non-profit organizations stem from those used in
industry. However, the benefits gained by tweaking these methods are well
worth the effort of modifying them.
The environment in which public strategic policy is developed is different than
that of its for-profit counterparts. The "bottom line" is not the primary mission of
most public organizations. Public agencies are meant to serve the greater good,
creating competing objectives, such as lowering costs of services while
increasing the breadth of the service provided, which are very difficult to achieve
without complicated solutions. Additionally, its often difficult to establish precise
missions and objectives because agencies often have diverse objectives. These
objectives may shift with political sway and with changing leaders, shortening the
lifetime in which the policies are implemented. Also, the benefits that result from
the implementation of successful strategy are often intangible. For example, the
influx of students into STEM subjects may not be the direct cause-and-effect from
an organization's programs (Higgins 1986). The challenge, then, is to use
strategic management policy effectively and clearly, with results that are
measurable and in line with organizational missions.
There are three major components to strategic management: Policy, Strategy,
and Implementation. This work will focus on the first two, since evaluating the
latter in the context of NASA's education policies is beyond the scope of this work
and has been undertaken by others (see Quinn). It should be noted, however,
that without proper implementation, even the most well designed policies and
strategies are useless. Policy and Strategy are linked and feed off of one
another, but are fundamentally different. Policy defines what is to be
accomplished, and the strategy is how it will be achieved. Policy also narrows
the field in which strategies can be developed. A successfully implemented
strategy necessitates new policies as objectives are achieved. In this way
strategy is guided by policy, but in turn can redefine the policy by changing how
objectives are developed (Harrison 1986).
In Policy, Strategy, and Managerial Action, Harrison clarifies the role of policy as:
"... a guide to action that directs activities within the organization toward
the accomplishment of the predetermined goals. Policy also limits
behavior by explicating methods of goal accomplishment that are judged
to be legitimate... Policy statements may place positive limits... negative
limits... or value constraints on behavior. Moreover, policy functions as an
aid to managerial decision making in formal organizations. It establishes
decision rules that may be used to judge the acceptability of alternate
courses of action or different solutions to the problem (Harrison 1986)."
By this definition, organizational policy is indispensable. Policies not only state
the goals of the organization, but narrow down the ways in which managers
should pursue these goals. It determines the space in which solutions are
sought by indicating what actions are not admissible and those which are
preferred. In this way, policies alleviate a great deal of the burden of decision
making, allowing managers to focus on situations which are anomalous and
outside the foreseeable scope of the policy (Harrison 1986). This ensures that
consistent decisions are made throughout the organization and are inline with the
culture of the organization (Higgins 1986).
Strategy provides a comprehensive framework by which the results can be
measured: "the ends and the means (Harrison 1986)". A strategy takes the
objectives from the policy and outlines the course of action, resource utilization,
and the outcomes which will be measured. As previously stated, the strategy
must fit within the confines set forth by the policy. Strategy is an important tool
because it allows organizations to explore many courses of action in order to
reach their goals. Evaluating the external environment is a large portion of
formulating strategy. Since it is often fraught with uncertainty, strategy helps
organizations deal with a changing environment through internal reactions.
Additionally, by enabling resources to be allocated efficiently to deal with
changes, it improves performance (Harrison 1986).
The strategic management plan for NASA's education division is outlined in the
following section of this chapter. The materials described are the top-level,
programatic guidelines which set the tone for the entire division. "At the level of
the organizational mission, [management] strategy provides a grand design for
decision making. In this context, strategy is "the framework which guides those
choices that determine the nature and direction of an organization (Tregoe
1980)" (Harrison 1986)." This strategy is broken into its major components
categorized as the Agency's "major policy" and "root strategy." A major policy, as
defined by Steiner is, a policy that establishes the mission of the organization
and guides all subsequent levels of policy. It is usually general and long term,
but is still very salient and constrains actions in a productive way. Often, it also
deals with ethical considerations of an organization (Harrison 1986). A root
strategy, on the other hand, an analysis of the mission set forth in the major
policy, from which objectives can be derived with consideration for a group's
abilities and available resources. "The principle components of the root strategy
are (1) mission, (2) capabilities, (3) environment, and (4) values." It is focused on
external elements and constituents, outlining how the organization will interact
with society (Harrison 1986).
Taken together, these documents form the backbone of an organization and
should influence all subsequent action taken by managers and employees.
Although designed by top-level management, top-level programmatic guidelines
must really be implemented by middle and lower-level management. It is for
them that these documents are written and for whom implementation is critical
(Higgins 1986). Additionally, it is extremely valuable for external stakeholders so
they can interacting with the agency with knowledge of anticipated outcomes.
For example, NASA's education strategy is extremely useful for politicians, other
Federal agencies, and people applying for education grants so they can
understand what NASA intends to do and how they intend to do it.
NASA's framework will be analyzed based on these expectations, rather than,
say, standard operating procedures or a functional strategy, which are much
more detailed classifications of policy and strategy necessary for daily agency
operations. This level of strategic management was not considered in this work
since this level of detail is usually only relevant to NASA employees and is also a
direct reflection of the policy and strategy analyzed here.
2.4. NASA's Education Mission
NASA is dedicated to educating the public about its compelling mission,
fascinating discoveries, and complicated technologies it develops. The structure
of the Agency's education department and its strategic management plan are
outlined in the following section.
2.4.1. History
NASA's dedication to education dates back to its 1958 Space Act charter, which
"directs the Agency to expand human knowledge of Earth and space phenomena
and to preserve the role of the United States as a leader in aeronautics, space
science, and technology (Strategic Coordination... NASA 2007)." Since that time,
the Agency's role in education has taken many forms. Through the use of its
exciting missions, unique facilities, inspiring personnel, and vast scientific
discoveries, which occur on a daily basis, NASA is uniquely positioned to
educate students (Quinn 2005)(Strategic Coordination... NASA 2007). The
current structure of NASA's education effort is shown in Figure 11.
2.4.2. Structure and Funding
The Office of Education (OE) at NASA Headquarters sets the Agency's national
agenda. The OE is housed under the Strategic Communications office and was
founded in 2002 (Quinn 2005). There are several education programs that
originate in the OE, but the group mainly serves in a managerial capacity. The
OE receives federal funding directly appropriated to carry out its mission, and in
the 2009 fiscal year, received $169.2 million to fund projects and education
operations (Quinn 2005; NASA 2010).
Figure 11. Structure of NASA's education programs. The group is
structured so that the Office of Education provides direction to each of the
Mission Directorates, as well as each of the NASA Centers. All divisions are
responsible for carrying out projects and programs that stem from the guidance
given by the Office of Education. Adapted from Quinn
Each of NASA's four mission directorates, Science Mission Directorate (SMD),
Exploration Systems Mission Directorate (ESMD), Space Operations Mission
Directorate (SOMD), and the Aeronautics Research Mission Directorate (ARMD),
are also tasked with developing education programs, while remaining within the
framework outlined by OE. The four directorates fund programs by reserving a
portion of their total research budget to be used for education (Sladek 2010). Of
the directorates, the SMD has had the most successful education program by
requiring all new mission contracts to reserve 1-2% of their budget to be
dedicated to outreach and education. Together, the mission directorates
contributed approximately $83 million in the 2006 fiscal year (Rosendhal 2004;
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Quinn 2005). Note, however, that this number is approximate, as this information
is not typically recorded.
The education goals outlined by the NASA OE are primarily carried out through
the NASA Centers and the programs they run on the local and regional levels.
Each Center has its own education office with dedicated personnel (Rosendhal
2004; Quinn 2005). Recently, there has been an effort to strengthen the role of
the OE by giving it direct oversight of all education programs, and in 2006 the OE
developed a new strategic framework to give coherence to NASA's projects.
2.4.3. NASA Education Framework
In Strategic Coordination Framework: A Portfolio Approach, NASA outlines its
current strategic management plan for education. With its framework, the
agency intends to structure its diverse talents in a coherent way, align education
objectives with the entire Administration's objectives, create consistency between
projects, establish measurable outcomes, provide guidelines for implementation,
and suggest assessment method (NASA 2007).
The agency has three goals it hopes to achieve through its suite of education
programs: (1) Strengthen NASA and the Nation's workforce by increasing the
number of students in the workforce pipeline, (2) Attract and retain students in
STEM subjects, (3) and engage students and the public in NASA's mission with
the hope of increasing STEM literacy. Objective 1 is linked with NASA programs
focusing on education to develop STEM skills, and is specifically focused on
higher education. Objective 2 is geared toward formalized primary and '
secondary education in the hope of attracting students early and improve
throughput into Objective 1. Finally, Objective 3 can best be accomplished in
informal education environments which have the ability to affect a broad
audiences and inspire students in nontraditional ways (NASA 2007).
There are four involvement categories that directly map to each of the 3
Objectives, as shown in Figure 12. The base of the framework is to Inspire by
bringing NASA's mission a broad range of people and sparking their interest in
STEM. The second tier is to Engage participants by involving them in an activity
or program that allows them to interact and develop a deeper understanding of
STEM and NASA. Next, the framework seeks to Educate. This tier includes
elementary, secondary, and higher education, as well as teacher instruction. The
purpose is to develop STEM skills and channel students toward the final phase,
Employ. The programs in this tier are achieved through fellowships, internships,
or professional training each geared directly toward NASA's workforce needs.
Each of the four categories builds upon the previous, while at the same time
directing individuals upward to the next category, where upward indicates an
increased level of involvement (NASA 2007).
Additionally, there are 6 crosscutting themes that guide the how programs are
designed within each level. Relevance means that programs will be effective and
EMPLOY
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Figure 12. The Education Framework. Each of the four tiers maps directly to
the Agency's outcomes, corresponding to different environments in which to
educate. There are also six cross-cutting principles that should be employed in
each tier. Image credit: NASA
pertinent to achieving the 3 objectives. NASA content must be used by every
educational program. Special attention is paid to the diversity of programming
and population affected by each program since multiple perspectives and
backgrounds will only help further the agency's initiatives. Reasonable
evaluation using widely accepted methods is expected of each program.
Additionally, the programs when taken as a whole should provide continuity.
Finally, partnerships with outside organizations and programatic sustainability are
also important values that should be incorporated into the agency's education
initiatives (NASA 2007).
Next, the framework outlines the roles and responsibilities of each of sector
involved in developing NASA's education programs. The Assistant Administrator
for Education is the program director responsible for ensuring the framework is
enacted, and is also responsible for setting programatic objectives. The internal
roles of the OE, each of the mission directorates, and the NASA centers are
largely the same as those described in the previous section. In addition to
internal players, the framework includes educators who are external to NASA's
structure, but who have competitively won funding to develop educational
projects (NASA 2007).
Finally, the framework describes at the top level the review and accountability
structures that will be used to ensure successful implementation of the strategic
plan. The information compiled from these reviews will be sent to stakeholders
such as Congress, the Office of Management and Budget, and made publicly
available (NASA 2007).
With this framework, the OE has set out its programmatic objectives and the
basic structure by which it will try to achieve these objectives. This framework is
the basis from which all policy analysis will be conducted. It has been in effect
for over 8 years, and has gone through revision further clarifying the OE's intent
with its education programs. The current iteration was released in 2007, and is
the one analyzed in this work. The framework will be evaluated using the
principles of strategic management presented here to create evaluation criteria
presented in the next section.
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3. Methods
3.1. MCP Donning/Doffing System Development
The majority of MCP research has been on pressure producing garments, rather
than developing solutions to the donning/doffing problem. This effort is focused
on development of a donning system to be used on MCP garments. The
following section outlines the methods, requirements and concepts pursued in
achieving a donning solution.
3.1.1. Donning Concept
A donning solution was developed by constructing a gas-pressurized donning
system sewn to the outside of an MCP garment, as can be seen in Figure 13.
When the tube is pressurized it expands and becomes rigid. As it expands, it
MCP
leeve Pressurize Tube
Tube
Figure 13. Donning concept illustration. The tube's inflation draws the
garment open, allowing the person to don the garment more easily
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pulls open the MCP garment, allowing the user to don the suit easily. Then, the
tubes is deflated and the garment constricts to create pressure on the skin.
One advantage to this donning approach is that it utilizes simple technologies
that are readily available. Additionally, it can be implemented on MCP garments,
on which the majority of the pressure research has been conducted. Finally, an
operational suit using this kind of donning method would maximize wearer
comfort by allowing the astronaut to suit up and continue with EVA preparation
before deflating the tubes and creating overpressure on their body prior to exiting
the vehicle.
3.1.2. Systems Approach
This effort was undertaken by using theoretical modeling and prototype testing.
Figure 14 shows the iterative method used to design the system. Initially,
promising concepts were identified. Then, a mathematical model was developed
to represent the concept, from which a prototype was constructed. The prototype
was then tested for functionality and compared to the requirements. The concept
was either iterated upon to improve the design, or abandoned in favor of a new
concept. Ultimately, this process has achieved a working proof-of-concept
prototype.
Figure 14. Methodology used in prototype development. Many concepts
were explored using this iterative process, building upon prior successes and
failures.
3.1.3. Requirements and Assumptions
The metrics used to evaluate the prototype are shown
requirements are either performance based or design based.
metrics are geared toward ensuring the functionality of the
design metrics are those used to set bounds on the problem.
in Table 1. The
The performance
system, while the
Table 1. Prototype Requirements. Used as metrics to determine the
success or failure of the prototypes.
Requirement Metric
Performance No tube wrinkling.
Performance Don/doff time of less than 10 minutes.
Performance Don and doff by an individual wearer.
Minimum tube diameter of 0.2 cm. Maximum tube
Design diameter 50% of body diameter (0.5 cm in fingers, 4 cm on
upper arm).
Design Tube pressure at 500 kPa.
Design Minimum profile.
Design Low mass.
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In the inflated state, the tube system must not be wrinkled, as this is an indication
the tubes are not sized correctly and cannot counteract the constriction forces of
the MCP garment. The tube diameters were restricted on the lower end by
construction limitations and on the upper end to prevent the garment's profile
from becoming unrealistically large. The tubes' maximum pressure was set to
500 kPa, the pressure of the Quick Don Mask Assembly used for EVA pre-
breathe (Gredat 2009). This was assumed to be the upper pressure bound
operationally acceptable for use by NASA . The remaining requirements are
derived from the work by Newman, et al. and were originally established as
requirements for a full body suit (Newman 2005).
Additionally, several simplifying assumptions were adopted to aid in finding a
solution. The most influential design choice is that the glove for which the
donning system was developed was not meant to create the full 29.6 kPa of
pressure against the skin. Pressure development, as mentioned previously, is a
very challenging problem that is being addressed by other researchers. The
focus of this effort, however, was to develop a system that could one day be
implemented on a working MCP garment. Also, the proposed solution is
designed for the hand and arm, but assumes that the donning/doffing technology
would one day be usable on an MCP garment covering the whole body.
Additionally, only tubes that were commercially available or those which were
able to be constructed in the facilities at Dainese, a BioSuitm research partner,
were used in this project. Finally, this work does not propose this system as the
final solution, but rather the first step toward a successful donning/doffing
technique. It therefore does not address some of the more complicated issues
associated with designing an operational garment. Some of these issues will be
discussed in Chapter 6 as future work to be undertaken.
3.1.4. Dainese Partnership
Prototype donning systems were developed at the research and development
facilities of Dainese, known as D-Tech. Dainese is the world's foremost expert in
making protective garments for motorcycle racers. They also have expertise
making protective garments for many other extreme sports, including cycling,
mountain biking, skiing, and sailing. D-Tech conducts innovative research to
improve the field of wearable protective gear, making it an ideal partner in this
endeavor.
In the past, Dainese has teamed with MIT's Man-Vehicle Lab to work on the Bio-
Suit TM project. The BioSuit TM was constructed in their facilities. One product
Dainese is working on for motorcycle protection is called the D-Air project which
seeks to develop a wearable airbag for motorcyclists to protect from injury during
accidents. Dainese has experience with MCP suits, knowledge of elastics, and
experience with inflatables from the D-Air project.
At Dainese, the author worked closely with designers and fabricators to develop
and test the prototypes.
3.1.5. Glove Development
Since glove development was not the primary focus of this work, a standard
nylon material available at the D-Tech facilities chosen as the material for the
glove. A material known as 901 8609 was selected and used for prototype
construction.
3.1.6. Tube Concept Identification
Several tube concepts were identified, built, and tested. There are several
mechanisms by which a gas-pressurized tube can draw open an elastic garment.
The unsuccessful approaches explored are included here for the purpose of
informing the final design decision.
3.1.6.1. Elongation Method
The simplest model of expansion is defined by the basic properties of a thin
walled pressurized vessel. It is governed by the equation,
L1 = L pr +1 (1)2Eb
where Lf is the final length, Li is the initial length, p is the pressure, r is the tube
radius, E is Young's Modulus, and b is the wall thickness. In the unpressurized
state, the tube and garment are the same length. The tube is sewn to the
garment continuously along the inner edge. As the tube is pressurized, the force
on the ends of the tube forces the tube to elongate, and subsequently the
material beneath. When the tube is bent into a loop, the lengthening of the tube
causes radial expansion of the loop. Pressure is increased until the loop is larger
than the body radius, making the garment easy to don.
As shown in Figure 15, tube expansion is a trade-off between longitudinal and
radial expansion of the tube itself. An ideal tube for the elongation method would
be thinned walled, have a low Young's Modulus, and a high Poisson Ratio.
Practically, a tube with these characteristics reaches it's elastic limit at pressures
much lower than the pressure required for opening an MCP garment. The tube
Figure 15. Tube expansion under pressure, and subsequent loop
expansion. The elastic properties of each fabric vary by direction of material
thread. This was taken into consideration in material selection and
construction.
balloons when it reaches its elastic limit, making the tube unusable. Even when
a restraint was added around the tube to restrict radial expansion at high
pressures, as seen in Figure 16, the method was unsuccessful.
An additional negative consequence of this method is that it creates
overpressure on the body directly under the tube. The original length of the tube
is equal to the garment's circumference in the un-stretched state. After the
garment is donned, the tube will be in tension, creating additional pressure on the
person's body. Therefore, only prototypes that do not create additional pressure
against the skin after being donned were subsequently considered.
3.1.6.2. Piston Method
The Piston concept uses a flexible, solid piece that fits snugly into a flexible tube,
like a piston. When pressurized, the air pushes on the head of the solid inner
piece, forcing the piece to slide out of the tube, and elongating the tube up to
twice the original length. This concept is shown in Figure 17.
Figure 16. Tube Elongation Method prototypes. A) Full prototype from the
Tube Elongation Method with MCP material. B) Bare tube without MCP
material
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Figure 17. Piston Method illustration. A) Piston method prior to tube
pressurization. B) Piston method once tube has been pressurized and the solid
piece has extended.
No prototypes were made using the Piston method because its moving parts
made the system too complicated to construct and add a higher probability of
failure. Also, it would be too difficult to create an airtight seal around the piston
head at operating pressure without also adding a large amount of friction,
impeding expansion.
3.1.6.3. Snake Method
The Snake method uses the internal tube pressure against the ends of the tube
and the internal change in tube volume to open the elastic garment. The initial
length of the is the same length as the inflated state, so in the inflated state there
will not be additional tension from the tube as in the Elongation method. Here,
the tube is bent and curved over the outside of the glove, in a snaked pattern as
seen in Figure 18, so when pressurized, the tube attempts to straighten out. The
collapsed tube will undergo an internal change in volume as it expands, doing
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Figure 18. Snaking Method prototype. One prototype constructed using
the snake method. None of the commercially available tubes that were tested
proved successful.
work to open the glove. The tube is attached to the glove along the neutral axis
to allow free rotation of the tube as it expands and straightens.
Several iterations of this idea were attempted, changing the attachment method,
tube material, and tube length. The idea was ineffective, however, because the
high modulus of elasticity of the tube material was too stiff to allow the tube to
straighten with enough force to pull open the garment. This concept, however,
showed promise, and therefore the group moved to tubes constructed from fabric
in D-Tech's facilities.
3.1.6.4. Fabric Tube Method
Fabric tubes were constructed because they were collapsable, and therefore
would have a much higher change in internal volume, and therefore would do
more work in order to open the garment. These types of tubes were similar to
the work Dainese has done on the D-Air project.
Initially, the tubes were constructed from a rectangular piece of fabric which was
then folded in half and sewn along the edge. The tube was modeled as a
pressurized beam whose radius was determined using the equation governing
beam buckling,
F 4p 2r 3  (2)
L
Where F is the MCP force of the fabric to bend the beam, p is the internal tube
pressure, r is the tube radius, and L is the tube length, or inflated circumference
of the tube sewn around the garment. From this equation, the tube radius could
be sized given an internal pressure and knowing the circumference of the arm (in
this equation, L). The minimum tube radius without buckling was the desired
radius of the tube.
Several prototypes were construction to find the optimal construction method.
Initially, the fabric was made airtight with Gortex, but this impeded garment
elasticity. Finally, a urethane lining was used. Additional prototypes were
constructed to determine the most effective method for attaching the tube to the
MCP garment and how to create junctions between the tubes that did not leak.
Figure 19 highlights some of these prototypes.
Figure 19. Fabric tube prototypes. A) This prototype used urethane lined
fabric and was only attached to the MCP material near the tube seam. B) This
prototype used double-urethane lined fabric and was sewn continuously on
both sides of the tube. Neither prototype proved successful in testing.
As the construction process improved, it became clear there was a fundamental
limitation to using straight tubes looped around the glove. As mentioned before,
this type of tube is a fabric beam that is initially wrinkled in order to deform and
follow the shape of the elastic garment. As pressure increases, the tube
becomes more resistant to wrinkling. As pressure increases further, the number
of wrinkles present decreases as the tube tries to straighten out. Eventually, the
tube becomes a beam with one wrinkle, causing it to fold over on itself. This
makes the glove impossible to don. Further pressurization may remove the last
wrinkle, but the pressure to do so would be well beyond the maximum operating
pressure of .5 MPa. Therefore, this concept was abandoned in favor of a tube
geometry which did not induce wrinkling in the inflated state.
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3.1.6.5. Torus Method
It became clear that a successful tube would be the shape of a torus. The team
explored several methods for constructing a torus, a few examples of which are
shown in Figure 20. The most successful, and ultimately the method used for
constructing the full prototype, used a construction process similar to that of the
prototype on the far right of Figure 20. The details of this construction method
will be outlined in the results section. Essentially, this method uses 2 annuli
stitched together. This eliminated the problem caused by the beam
straightening. The system could be modeled as a fabric inflated torus, where
buckling also decreased with increased pressure. Several iterations of sizes,
construction methods, and materials were tested. The inner radius of the torus
Figure 20. Torus method prototypes. Each of the prototypes has curvature
when inflated. However, none proved successful when attached to the MCP
garment.
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was sized based on the dimension of the body with some additional space for
ease in donning and doffing.
3.1.7. Modeling Methodology
The tube system and the MCP garment were modeled as separate components.
The MCP garment was modeled as a thin walled pressure vessel as consistent
with the literature. The pressure produced by the garment was treated as the
load upon the tubes, which were modeled using principles from structural
mechanics. The details of the model are given in Chapter 4.
In the future, the model will be used as a design tool. To adapt the results to
many designs, this effort sought an analytical solution to behavior of the tubes
once the load is applied.
3.1.8. Testing and Analysis
To test the success of the system, the requirements were used as metrics.
Additionally, the functionality of the system was assessed in the construction
process by its ability to retain tube pressure and ability to pull open the garment.
When the system failed by any of these metrics, new prototypes were
constructed and iterated upon.
To compare the model with the prototype, the pressure produced by the garment
was assessed. The I-Scan resistive sensors system (Tekscan Inc., South
Boston, MA) was used to measure the pressure produced by the glove. The
system uses thin Mylar printed circuits of "sensels" that measure pressure
changes based on changes in electrical resistance. Typically, the I-Scan system
is used for high pressure measurements. As a result, the system has greater
uncertainty as the pressure decreases. This is accepted as a limitation to this
method, but in order to reduce variability, the system was calibrated around the
predicted suit pressure.
This methodology has produced a functional proof-of-concept donning prototype,
as will be shown in Chapter 4. The following section describes the analysis done
to evaluate NASA's education policies and their implementation in an informal
education project.
3.2. Education Policy Analysis
NASA's education policies were evaluated by analyzing the documents in which
NASA outlines their current education framework as well as through an onsite
case study evaluating the effectiveness of projects implemented under these
guidelines. This section presents the methods used to analyze NASA's policy
framework, then discusses the method of collecting and analyzing the qualitative
data during the case study.
3.2.1. Framework Analysis
From the literature review presented in Chapter 2 on the development of
strategic management plans in public entities, the themes shown in Table 2 were
identified as the primary components of an effective plan. The 6 components are
a defined mission, objectives, constraint on actions, defined values,
organizational capabilities, and environmental analysis. These themes were
used to evaluate NASA's plan as presented in NASA's Strategic Coordination
Framework: A Portfolio Approach. These components are a synthesis of the
Table 2. Key elements of top-level strategic management plans. Each of
the themes is used to evaluate the documents produced by NASA describing its
strategic management policy and strategy.
Component of Plan Description
Defined Mission General statement of what the organization does
and why it exists, including very long range function.
Objectives Derived from the mission to provide specific intent
while allowing flexibility in action. It sets priorities for
how the organization needs to change direction.
Constraint on Actions Indicates preference for relative courses of action to
achieve objectives.
Defined Values Lists what principles are important to an organization
and how they will be incorporated into decision
making.
Organizational Evaluates the resources and internal structure of the
Capabilities organization to achieve objectives.
Environmental Analysis Evaluates the external factors which influence
strategy, including political, financial, and market
considerations.
many possible themes in strategic management, but were identified by Higgins,
Harrison, and Koteen as the most critical for top-level strategy.
From this paper analysis, suggestions are provided for how to improve the
NASA framework. The refined framework was developed and implemented in
conjunction with an informal education project ExplorationSpace at
Exploration Works. Results from this process are included as a realistic example
of how to implement the framework proposed in this thesis.
3.2.2. Evaluation of Proposed Framework
Data for the case study was collected both through direct observation and
interviewing participants in the study. An evaluation was conducted on one of
the exhibits developed for the grant, the Knowledge Station (KS). The KS
contributes to NASA's Education Objective 3, to increase awareness NASA's
mission and increase STEM literacy. The KS uses human and robotic space
exploration concepts at the middle school level to teach students both in the
home and museum environments. Evaluating the program served the dual
purpose of evaluating the implementation of the proposed framework as well as
to provide recommendations for future program development. The evaluation
was conducted through in person interviews and direct observation of users both
at home and in the museum. The methodology used to evaluate the KS and its
ability to achieve the education objective are described below.
3.2.2.1. Sample and Setting
Both purposeful and convenience sampling techniques were used for this study.
Students were chosen based upon their academic age level, geographic location,
and desire to participate in the study. The KS is targeted toward middle school
level learners, therefore only students who were in or entering the 5th-9th grades
were selected.
To study students using the KS in their home, five students from rural
communities were selected. For the purpose of this study, rural was taken to
mean any student not living within 15 miles of Helena, Missoula, Billings, Great
Falls, or Bozeman. Figure 21 shows a map of the geographic distribution of
study participants. For the purposes of anonymity of the subjects, the locations
are approximate.
For the in-home study, the parent or guardian of study participants contacted the
author and participation was voluntary. The opportunity to participate in the
study was distributed to homeschool student email lists, personal contacts, and
county school principal email lists. From those who responded to the call for
participation, the author selected subjects based on proximity to other study
participants, and desired participant attributes.
Desired attributes for subjects included diversity of the type of education,
ethnicity, and considerations of gender. Students covered a broad range of
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Figure 21. Montana regions of interest. The state of Montana is
considered rural for the purposes of this study, with the exception of the cities
denoted by circles. The stars indicate interviews conducted with students in
rural communities and the large circle centered around Exploration Works is the
region surrounding Helena considered for the in-museum portion of this study.
Native American Nations are highlighted since they are regions of interest for
the grant under which this effort was funded. Image adapted from (Montana
Big Sky 2010).
educational experiences, such as attending K-8th grade schools, being home
schooled, or attending middle school. Each of the subjects was caucasian
despite efforts to include minority and Native American students. The lack of
diversity in the study can be taken as a limitation to this study. The extent to
which this limits the findings for the greater Montanan population is unknown.
Finally, the study attempted to equalize the number of male and female students.
Three of the five students were female, while the remaining two were male.
........................ ...  
An unintentional bias in the sample of students was the guardian's affiliation with
the education system. Four of the five in-home use students had parents
affiliated with the education system. It is not known how many participants in the
in-museum study had parents involved in the education system. This may also
be considered a limitation to the study since these parents strongly emphasized
education in the home.
Student participants in the in-museum environment were additionally selected
based upon their proximity to Helena. Only students living within 15 miles of
Helena were selected since they have easy access to ExplorationWorks and
were able to experience the KS in the environment for which it was developed.
In total, 14 students participated in the study. These interviews were conducted
by Rosa Speranza, a museum volunteer with an undergraduate degree in
Anthropology. The students were approached through her personal contacts and
those of other museum personnel.
3.2.2.2. Data Collection
Students participating in the in-home study went through a more in-depth
evaluation than those participating in the museum based study. Rural students
were given both pre- and post- KS exposure interviews. Appendix A shows the
protocol questions used for the pre-exposure interviews. The interview was
semi-structured in order to encourage dialogue between the students and
interviewer so the subjects felt comfortable.
The purpose of the pre-exposure interview was to understand the student, find
out what he or she thinks about STEM, learn how and why he or she thinks
STEM is important or unimportant, and to understand how he or she normally
engages in informal education. It also served as a baseline from which to gauge
how much the student learned from exposure to the KS.
After the initial interview, subjects were given between 1.5 - 3 weeks to use the
KS prior to giving the post exposure interview. The objective of the second
interview was to determine how the student interacted with the KS, what he or
she thought about it, what he or she learned from it, what could be improved and
what was successful in the program, and whether or not what they think about
NASA and STEM has changed. This interview was conducted in person for the
first 3 subjects, but over the phone for the final two since face-to-face
communication did not give substantial additional information.
In addition to the student interviews, an interview was conducted with the
student's guardian. The purpose of this interview was to determine how the
guardian influences their child's learning, what he or she thinks about the
Knowledge Station, and what he or she thinks about informal education. The
protocol for both the post-exposure interview and the parent interview can be
found in Appendix B.
Each of the 15 interviews lasted between 15 and 30 minutes, with the average
interview time approximately 25 minutes.
Students participating in the in-museum study were asked to come to the
museum and explore it in their natural manner. Students were observed for the
interest and engagement level. When the student began using the KS, additional
observational data was taken, including any comments the subject made. After
the student felt they were finished with the program, follow up questions,
including questions to assess how much information the student absorbed and
how much they enjoyed the program, were recorded. Appendix C shows the
protocol used to perform this portion of the study. In some instances, time limited
the student's ability to see the rest of the museum and only data collected on
their interaction with the KS was recorded.
Each of these interviews lasted between 15 and 40 minutes with the average
time spent on the KS being approximately 20 minutes.
3.2.2.3. Data Analysis
The interviews were transcribed and coded based on phrases, attitudes, and
references that the subject said. Examples of these types of codes include
Performs experiments in science class, Terminology was difficult, Student
participates in Gifted program, and Demonstrated increase in understanding. In
total, 156 codes were used. Each code could have been said once by an
individual, or referred to several times by multiple subjects.
From these initial codes, the data was binned into larger interview themes.
These themes were used to parse out the data into more manageable groups
from which the data could be analyzed. Some of the codes fit into multiple
themes. Several themes were selected prior to the interviews, due to the nature
of the questions being asked, such as the KS theme and the NASA theme.
However, in some instances, the theme was derived from the information the
subjects gave during the interview, such as the separation of the Space theme
from the NASA theme. In total, 10 themes were used: NASA, Space, Classroom,
Self Directed Learning (including at home learning), Environment, Access,
Extracurricular and Event Based Informal Education, KS, Learning, and
Education Attitude. Table 3 describes in more detail the nature of each of these
codes.
3.2.2.4. Validity
The study was designed so the multiple interviews would contribute to the study's
validity. The interview with the guardian was used to triangularize the data, since
it was thought a parent would be more aware of their child's learning and could
provide additional insight into whether or not the conclusions were valid.
Table 3. Themes in interview data with rural students. Each of the
themes is based on coded interview data from 15 in person interviews and
observations. This information is used to evaluate the Knowledge Station
Program.
Data Theme
NASA
Space
Classroom
Self-directed learning
(including the home)
Extracurricular and
event-based informal
education
Education Attitude
Knowledge Station
Learning
Access
Environment
Description
Includes perceptions associated with NASA and
familiarity with NASA's mission. Also discusses
how student's understanding changed as a result
of the KS.
Interest and knowledge of space, excluding what
was learned in the program.
Context in which many people think of education.
Incorporates learning that is derived from
personal motivation or guardian inspired
motivation to learn. Although parent directed
education is very different from self directed
learning, the influence of a parent significantly
impacts how the child participates in learning
activities at home. It will also influence which
activities the student chooses to engage in.
Informal education codes separate from self
directed learning because these are deliberate,
organized education choices that people make.
They involve a nominal time commitment and
effort to engage in, rather than a passive interest
in a topic.
Includes the feelings that the student had about
any aspect of their education.
Used to evaluate the interface and whether or not
the program was well received.
Specifically related to the information, both pre
and post exposure to the KS.
How people in rural communities view their
opportunities. Incorporates life in the classroom
and access to extracurricular activities.
A final catch-all for any other factors the student
identified as influential to both their education and
interaction with the Knowledge Station.
Surprisingly, subjects were aware of their own learning. However, the guardians
gave additional information about access to opportunities and the home learning
environment that could not have been gathered otherwise. Additionally, when the
guardian and student gave conflicting information, these questions could be
resolved in real time.
The final results were compared to the field notes as a check to whether the
coded information accurately reflected the tone of the interview.
Students participating in the museum study did not have a guardian interview by
which to check the information. However, validity was maintained by member
checking and asking the subjects direct questions about why they did or didn't do
certain aspects of the KS program.
3.2.3. Implications to the Framework
The results and conclusions from the interviews described in this chapter are
discussed in Chapter 5. The successes and failures of the KS program at
achieving the education objectives in the proposed framework are then used to
gauge how well the framework guided the project development. From here,
conclusions and suggestions for how to best use the framework are given.
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4. Donning System Results and Discussion
4.1. Design Model
The donning system was broken into its two components, the tubes and the
MCP garment. The tubes are considered a structure and the MCP suit as the
load upon the structure. The following sections describe the models used to
predict the system's behavior. The results from this model were used to
evaluate the system's performance. A more accurate model could be used to
design future iterations of this donning concept.
4.1.1. Glove Model
The MCP garment was modeled as a thin walled pressure vessel where the
internal pressure of the vessel is the pressure produced against the skin (Clapp
1983; Waldie 2005). The load produced by the MCP garment was calculated
using the hoop stress equation,
Pob
skin co
sk Rbody (3)
where Pskin is the pressure against the skin, oE is the circumferential hoop stress,
b is the thickness of the material, and Rbody is the radius of the body the garment
covers (Roylance 2001). The orientation of these variables can be seen in
Figure 22. This is consistent with MCP models found in the literature.
4.1.2. Tube Model
The tubes were modeled as a thin walled torus. Each tube is modeled
individually and the feedlines used to connect the tubes are not taken into
account. Figure 23 shows the principle variables used to define the torus'
geometry. The variable Ptube is the pressure of the air inside the tube. The radius
of the torus is rtube. The centroid is the axis found by adding rtube to Rbody and
sweeping the line around the origin. 0 is the origin from which the tube geometry
is defined and it the center of the cross section of the body.
Figure 22. Definition of variables for MCP garment cross section. The
garment is modeled as a thin walled pressure vessel.
........ ..-- ------
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Figure 23. Definition of variables for individual tubes. The tubes are
modeled as a thin walled torus. Image adapted from: (Ruggiero 2003)
4.1.3. System Model
A model developed by Weeks to determine critical buckling conditions for a torus
was used to predict the behavior of the system. This model combines the two
components of the system, the structural tubes and the load of the garment. The
model calculates deviation from the pre-stressed, inflated condition. The critical
load at which buckling will occur can be found using the virtual work method
where four simplified components contribute to the equation,
l, +U2,++W,", = 0 (4)
The components are functions of the following variables:
..... ...... . ... .....
........... . .......................... ............ 
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Figure 24 defines the principle directions used in this notation. The component
Hl is the change in strain energy based on the material properties of the torus. It
is a function of aa, the stress along the torus' centroidal axis, and Tae, the shear
stress. H2 is the work done by changing the volume, V, of the gas at a constant
pressure, Ptube. The next component, H3 , is the energy due to the membrane
stresses to resist the load and is a function of oo, the membrane stress caused
by the load upon the torus, and subsequent Ea, the strain along the centroidal
axis induced by the load. The last portion of the equation, Wmcp is the work done
to expand the garment to the tube's inflated state and is a function of the
pressure produced against the skin, Pskin (Weeks 1967).
A full derivation of the model can be found in Week's paper, Buckling of a
Pressurized Toroidal Ring Under Uniform External Loading.
Figure 24. System in inflated state and definition of principle directions
for each torus. The a direction runs along the centroid of the torus. The 0
direction is defined by the cross section of the tube. The o direction is normal to
the surface of the torus. The image demonstrates how material is draped
between the tori, adding additional load to the tubes. Image adapted from Weeks
1967
From Week's final equations for the buckling condition, the tube radius was
iterated upon to find the minimum radius required to prevent tube buckling.
Although Weeks' model is a reasonable representation of the system that was
designed, there are several limitations. Weeks' model assumes the load is
continuous on the outside of the torus and is in plane. Here, however, the MCP
load is distributed at discrete points, as will be described in the next section. The
moments caused by the non-uniformly distributed loads decreases the load at
which the tubes will buckle. Also, each tube is modeled individually, rather than
as a network. Therefore, these equations do not take into account the additional
load caused by the material "draped" between the tori, as shown in Figure 24.
...... ........................................ .......................................................
Together, these limitations cause the model to under-predict the tube radius
needed to prevent the tubes from buckling.
4.2. Final Prototype Design
After making many prototype iterations, a full glove and sleeve functional
prototype was achieved. The following section describes the final construction
process used to build the system.
4.2.1. Glove Design
The prototype was made to fit the author's hand and arm. First, measurements
were taken and a pattern was made, as shown in Figure 25. The initial design
was derived from glove patterns used for Dainese commercial products, but
modified to increase garment tension as would be required for an MCP glove.
Figure 25. Glove pattern pieces. Pattern pieces were modified from
Dainese gloves to be tight against the author's hand and arm.
................... ....... ...................................   ...... .............  . .... 
The pattern consisted of 3 pieces: top and bottom of the hand and arm, and
bottom of the thumb.
The pattern pieces were transferred to the glove material and cut out. The
material used for the glove was known as as 901 8609 and was a standard Nylon
elastic material available at the D-Tech facilities. The final glove can be seen in
Figure 26. A layer of silicon is added to the inside of the sleeve's edge to prevent
the sleeve from slipping past the elbow once the garment is donned, shown in
Figure 27.
4.2.2. Tube Design
In early prototypes, the connections between the tori, or tube junctions,
consistently the weakest point of the system. Therefore, the full prototype
one long pattern of linked annuli to minimize the number of tube junctions.
were
used
The
Figure 26. Full glove. The process was repeated for the right arm and hand
as well.
............ ........... - , .................
Figure 27. Silicone lining. This prevents the glove from slipping with
movement as the elastic contracts.
dimensions of each tube are shown in Figure 28, corresponding to the numbers
of the tube design.
Each tube was shaped in a circular pattern, except over the palm of the hand.
Here, the shape is approximated as two semicircles connected with straight lines
separating the halves, as seen in the Figure 28 accompanying Table 4. The feed
line for the thumb comes from the wrist torus, and the 4 finger feedlines originate
from the palm toroid.
The material selected for the tube is called Poliamide Alta Tecnicita (PA) and is a
inelastic, thin, flexible fabric. When lined with urethane, it is airtight. Sewing the
material breaks the airtight urethane, so a second layer is added over the sewn
together tubes. An additional layer of PA is added to give the tube additional
................
Table 4 and Figure 28. Tube pattern and corresponding body location.
Inner diameter is defined by the size of the body part at that location plus room
for comfort. Tube Distance is the size of the tube when deflated and is equal to
have the tube circumference. The distance between tori is measured from the
tube given to the previous torus.
10
Inner Diameter Tube Distance Distance btw
(cm) T (cm) Tori (cm)
2 | Forearm
1 4 1 Forearm
4 26 Palm
8 IdxF.
10 | Ring Fr.
strength at high pressure. The layers are melted on using a heat press machine,
as shown in Figure 29.
Tube
Jumber Body Part
10 6
5
8
2.5
2.2
0.8
0.8
3.5
4 1
.............................   ...N ......... ...... . .......................... ... . ..... ... ...........
Figure 29. Heat pressing the tubes. The tubes are constructed of 4 layers
of fabric, each sealed with urethane. A) This is the network of tubes prior to
cutting out the pattern. B) The network of tubes with a small heat pressed to
seal any holes.
The the excess fabric is cut off, leaving an airtight, flexible network of circles and
feedlines capable of holding a maximum pressure of 300kPa. The system is
checked for air leaks prior to integration to the glove.
4.2.3. Integration
After the tubes are finished, a source feedline is added, as shown in Figure 30.
The source feedline is a hard plastic tube that goes from the compressor to feed
air into the tube system. This is the only junction in the tube system since the
tubes are sewn in one continuous piece. To ensure a tight seal between the
fabric and feedline, an aluminum cradle is used on conjunction with the heat
press to fully transfer heat and melt the urethane.
Finally, the tubes are attached to the glove. Small, inelastic tabs are sewn from
the glove, over the tube, and onto the other side of the tube, as shown in Figure
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Figure 30. Source feedline junction. This is the only tube not constructed
out of the tube pattern. The system was designed to minimize the number ofjunctions like this one since they are a common failure point.
31. The tab's points of attachment are spaced approximately 1 cm apart. The
tabs transfer the load of the stretched MCP garment to the tori, while still allowing
the system to collapse when deflated. Also, by connecting to the glove in 2
locations, more material is gripped by the donning system, opening a wider
swath of the glove and making the garment easier to don.
Figure 31. Tube integration to sleeve/glove. A) Close view of integration
tabs. B) Sleeve and tubes half way through the integration process.
.............. .. . .......... ...................................................... ..  
The network of tubes is folded like an accordion and attached to the glove/
sleeve. As a result, the feedlines between the tori alternate placement on each
side of the arm. The tubes were designed so that the feed lines were placed
along the neutral axes of the arm and hands, as shown in Figure 32.
The deflated final assembly is shown in Figure 33. Note that the tubes are held
close to the glove with the tabs, but not so tightly that the tubes are restricted
from full inflation.
4.3. Testing and Validation
The system was constructed and assessed using both qualitative and
quantitative metrics, as discussed in Chapter 3. This section outlines the results
of the tests and the success or failure of the system against the metrics.
Figure 32. Accordion folded tubes prior to integration. The feedlines
alternate neutral axes of the arm.
.. .. ... .. .. . . . ...
Figure 33. Close view of the completed sleeve/glove prototype.
4.3.1. Qualitative Analysis
The final prototype is shown in Figure 34 in both its inflated and deflated states.
The system is pressurized to 150 kPa for normal operation but has a maximum
operating tube pressure of 300 kPa prior to rupture.
Figure 34. Full view of the sleeve/glove with tube donning/doffing
system. A) Deflated glove. B) Inflated system from same view.
............. ...........    
........................
Qualitatively, the glove is easier to put on than without the donning system. The
assembly is pressurized and the silicon strip is pulled back to make donning
easier. Some force was used to pull the glove in the longitudinal direction to
position the tubes correctly over the body. The fabric is elastic in both directions,
therefore a circumferential stretching of the tubes causes longitudinal shrinking,
as can be seen in Figure 34. This force, however, was minimal. Figure 35
shows an internal view of the glove system being pulled open.
Figures 36 and 37 show different views of the complete system while donned
and inflated. Figure 36A shows the draping of the material in between the tori.
The material not being pulled up by the tabs sags between the tori, or "drapes".
This is an effect not accounted for in the model. Figure 36B shows the glove
from the side view. The MCP material is pulled away from the skin even while
Figure 35. View of the system from the hand entry point. The glove is
pulled opened for the image but the tubes pull the garment out radially.
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Figure 36. Inflated system while donned. A) Longitudinal view of the torus
that emphasizes the material being pulled at integration tabs. B) Horizontal view
that emphasizes the draping effect of the MCP material between tori.
Figure 37. Full arm view of the donned sleeve and tube system while
inflated.
donned. Finally, Figure 38 shows a complete arm view of the system while
inflated.
...........
Figure 38 shows the glove once donned and deflated. In Figure 38A a close
view of the system shows the tubes do not pull the MCP garment away from the
skin once deflated. Figure 38B shows the full garment profile once deflated.
4.3.2. Quantitative Analysis
The pressure produced by the glove was tested at MIT over both the arm and
hand. The I-Scan Tekscan system was calibrated and placed over the author's
arm as shown in the images in Table 5. The Table also shows the pressure the
MCP garment produced against the skin. The values are less than the 29.6 kPa
produced by the EMU. This result was expected since the garment was not
designed to produce full pressure since this project's focus is the donning
problem rather than pressure production. Additionally, the standard deviation of
the pressure measurements increases as garment pressures decrease, as
Figure 38. System when deflated. A) Close view that emphasizes the MCP
material shrinks down tightly against the skin. B) Full arm view of complete
system
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Table 5. Pressure testing using the I-Scan system. The pressure
produced by the garment is averaged over the sensels. Values are given in
kPa (st. dev.)
Proximal Arm 2.0 (0.7)
Distal Arm 2.5 (1.2) Dorsum
Dorsum 4.6 (1.9) -
Small Fr. 9.5 (0.4)
Ring Fr. 10.7 (0.4)
Middle Fr. 11.0 (0.3)
Index Fr. 14.2 (0.3) Finger Distal ArmThumb 5.2 (0.4)
discussed previously. These values were then fed into the model to compare the
results.
4.3.3. Comparison with the Model
The measured MCP loads from Table 6 were fed into Weeks' model to compare
its predictive capability against the results from the prototype design. The
designed tube radii of the prototype are compared to the tube radii necessary to
prevent buckling output by the model in Table 6. The model consistently under-
predicts tube radii. Over the fingers, however, the model does not under-predict,
but rather indicates a larger radius is necessary to prevent buckling than was
built on the prototype. As shown in the image to the right of Table 7, buckling is
present in these areas. Overall, the model provides a reasonable representation
of the system, but further work is necessary to create a useful design tool.
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Table 6. Comparison of the predicted and actual radii of the tubes. The
upper figure shows the tube pattern and corresponding locations on the body.
The figure to the right shows the tubes as sewn to the garment in the inflated
state. The table gives actual and predicted values of tube radii as calculated by
the mathematical model. The model predicts buckling over the fingers, as seen
on the actual prototype. Radii are given in cm.
Fingers
4 5
Proximal Arm D A
1 0.64 0.59
2 0.64 0.59
3 0.64 0.53
4 0.64 0.49
5 0.64 0.47
a
7
8
9
10
0.25 0.2
0.25 0.34
0.25 0.2
4.4. Requirements Revisited
The prototype satisfies each of the requirements presented in Table 1, with the
exception of the first performance requirement that no buckling be seen in the
system. Although buckling is not desirable in a final prototype, the predictive
capability of Week's model is encouraging since it demonstrates the model is
trending in the right direction. Discrepancies between the model and the
designed values are most likely due to the limitations of the model as discussed
previously.
A parameter analysis of the Weeks model was performed to determine if the tube
design could be extrapolated to higher loads of MCP garments near EMU
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Table 7. Parameter analysis. The predicted tube radii under the indicated
conditions. The load from the MCP garment taken as a quarter, half, and full
EMU pressure. The tube pressures used were the maximum allowable, and half
the maximum pressures. The body radii were doubled with each increment,
representative not only of a glove and sleeve, but also the legs. Radii are given in
cm.
Load
Rbody 7.4 kPa 14.8 kPa 29.6 kPa 7.4 kPa 14.8 kPa 29.6 kPa
0.5 cm rtube=0.1 2  rtube=O.18 rtube=0. 2 7  rtube=0.1 2  rtube=0.16 rtube=0. 2 4
1 cm 0.23 0.33 0.48 0.22 0.31 0.45
2 cm 0.45 0.63 0.9 0.44 0.61 0.87
4cm 0.88 1.22 1.73 0.87 1.2 1.7
Ptube = 250 kPa Piube = 500 kPa
pressure. The results can be seen in Table 7. Doubling the Rbody requires the
radius of the tube to be doubled. By doubling the internal tube pressure, the tube
radius can be decreased anywhere between 1-11%. Each doubling of the MCP
garment pressure will require the tube radius to be increased anywhere from
35-50%. However, even at the greatest MCP load using the operational pressure
of 250 kPa, the tube radius is still within the requirements set out in Table 1.
Overall, the design is a tradeoff between each of these variables and is most
dependent upon the location of the body where the torus will be placed. The
results indicate, however, that a design can be achieved using this type of
solution, while still remaining within the design requirements.
The work contributes a donning prototype as a proof of concept design. The
construction methods used here may be improved upon in further iterations of
the donning system. It also uses a model developed by Weeks to explain the
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behavior of the system with moderate success. Future work includes improving
the model in the hope of achieving Specific Aim 1.
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5. Policy Results and Discussion
5.1. Strategic Framework Analysis
NASA's education framework will be analyzed to determine how well it conforms
to strategic management principles found in the literature. The purpose of this
analysis is to assess whether the framework is likely to be implemented
successfully. The same criteria will then be used to suggest additional
improvements and how it may be implemented.
5.1.1. Components of the Framework
Table 2 in Chapter 3 describes the major desirable components of a strategy
management plan. They are a defined mission, objectives, constraint on actions,
defined values, organizational capabilities, and environmental analysis.
Overall, NASA's Strategic Coordination Framework: A Portfolio Approach is very
well designed and uses each of the key elements identified for successful
strategic management. However, a few subtle changes may help clarify the
strategy and make it more implementable.
Although not explicitly stated in the document as NASA's education mission
statement, the call "to expand human knowledge of Earth and space phenomena
and to preserve the role of the United States as a leader in aeronautics, space
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science, and technology (NASA 2007)" has been a part of NASA education
programs since it was founded. This statement not only defines what the agency
is and what it does, but also cites why education programs in NASA exist.
Without it, the United States could not be a world leader in space and aviation
nor would our understanding of these fields be as expansive. Despite being over
50 years old, his statement is still forward thinking, making it an effective mission
statement.
As an extension of the mission statement, the framework clearly defines three
overarching objectives: to strengthen NASA's STEM workforce, to attract and
retain STEM students, and increase the public's STEM literacy and
understanding of NASA's mission. Each of the three are defined and provide
direction in the form of smaller subgoals. The objectives are also ordinal
(reinforced by supplemental material in (NASA Education Outcome...)) and set
education priorities.
The framework uses involvement tiers and core values to indicate how managers
should select their courses of action. However, the framework may not go far
enough to constrain managerial action and clarify how the framework should be
implemented. The National Academy of Sciences (NAS) produced a report
analyzing seven of NASA's education programs. The NAS found that one of the
greatest shortcomings of NASA's education program is that each project
analyzed attempted to address all three Objectives with a limited amount of
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resources. This made them less effective and somewhat disjointed (Quinn
2005). To resolve the problem, NASA should provide additional guidance so that
educators have a clearer understanding of their role within the context of the
portfolio as a whole.
The six core values of relevance, content, diversity, evaluation, continuity, and
partnerships/sustainability are very well defined. The ways in which the values
should be integrated into managerial decisions is clear, although not so explicit
that it restricts the manager's judgement.
NASA's framework defines the roles and responsibilities of each group
contributing to achieving its mission. It establishes hierarchy and helps avoid
miscommunication and duplicated efforts. The plan establishes a council to
review programs and ensure objectives are being met. The data this council will
use comes from evaluations by program managers. How evaluations are done,
however, is not adequately addressed in the framework. In several instances,
the framework highlights the importance of evaluation and claims to facilitate it.
However, it does not provide useful guidance as to what evaluators should
report. It calls for setting metrics using "widely practiced techniques", but there is
a whole host of methods that are widely regarded as acceptable. The likelihood
that this guidance will lead to consistent evaluation among all directorates,
centers, and programs is highly unlikely. The council is meant to evaluate
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programatic effectiveness, but inconsistent reporting methods will not produce
useful results.
Finally, the plan situates itself within the context within the broader NASA
mission, giving it consistency to maximize the organization's operation as a
whole. It also identifies other federal institutions, such as the Office of
Management and Budget and Congress, to which it must report and be
accountable. Finally, it speaks to how the program's impact will influence the
entire STEM workforce, contributing to the competitiveness of the nation as a
whole.
NASA's education strategic management plan is properly scoped, clear,
establishes useful management structure, and provides useful guidance to
decision makers. Its shortcomings lie not in what the plan outlines, but rather
where the plan did not go far enough. The fundamental issue with the framework
is that it allows projects to be developed very broadly, which does not facilitate a
balanced portfolio approach. In a large, dispersed organization, consistency
and avoiding duplicated effort is very difficult. The framework could go further to
restrict action, define roles, and provide common metrics by which to compare
programs, creating a coherent education program and improving efficiency and
impact.
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5.1.2. Framework Modifications
In order to address the identified issues, the framework proposed here suggests
adding an additional layer of specificity to the strategic management plan.
NASA's framework claims to be a portfolio approach. However, a portfolio
includes a broad range of projects, each filling a niche that builds an overall
program. A portfolio framework should give additional information as to how
each program fits into the context of the agency's Objectives, without implying
each program must attempt to carry out the entirety of NASA's education
mission.
The challenge, however, is addressing all of NASA's diverse programs, without
being overly constraining. Perhaps the most coherent way to further enhance
the framework is to make the guidelines directorate specific. Even if a program
originates from headquarters or education centers, the program will utilize
information from research conducted in one of the directorates. Both educational
programs and mission directorates are divided topically, making this a clear way
to delineate roles. In this way, the framework can still be implemented, based
upon the topics it deals with most strongly. Each directorate has a unique
mission with a specific skill sets that can be leveraged in distinctive ways. A
framework utilizing the directorates' strengths, rather than merging them, would
capitalize on the Agency's diverse competencies.
Table 8 demonstrates how this may be done for the Exploration Systems Mission
Directorate (ESMD). The informal education tiers to Inspire and Engage,
corresponding to Objective 3, can be further expanded to highlight the
capabilities of the ESMD. The proposed framework draws upon several of the
major initiatives within the directorate. Each of the three remaining directorates
would have similar outlines covering Objectives 1 and 2. In this way, the
framework can transition from general suggestions to implementable guidelines.
A graphical depiction of the framework's expansion can be seen in Figure 39.
The refined framework flows from NASA's current framework. The third
educational objective to increase STEM literacy and awareness of NASA's
mission is operationalized through informal education. The bottom two tiers are
to Inspire and Engage. The ESMD can facilitate these tiers by using its unique
strengths, as described in Table 8.
Not all programs working in informal education must utilize each of the ESMD
strengths given here. In fact, they should not, otherwise the program's scarce
resources are not being utilized to achieve a diverse portfolio and effort will be
duplicated. The expanded framework, however, provides researchers with a
reasonable set of options to ensure their work adequately addresses the
Education Objectives.
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Table 8. Refined framework specific to informal education
Exploration Systems Mission Directorate (ESMD). Each of the
education tiers are expanded to incorporate the ESMD's strengths. The
a specific framework that can be used as a guide for project developers.
in the
informal
result is
Strengths of ESMD Tier Description
Personal Connection Inspire Connection between self and people carrying
out mission.
Engage Direct interaction with personnel.
Compelling Mission Inspire Appeals to human nature aspect of
exploration.
Inspire Develop a sense of difficulty of engineering
Unique Technology and technology challenges.
Engage Participate in problem solving and connect to
earth based applications.
Engage Active role in process, participate in smaller
Earth-based Analog scale activities.
Simulation Inspire Inform of challenges to exploration and how
they are overcome.
Commercial Spaceflight Engage Increases opportunities for participation in
exploration process.
NASA Objectve 3:
Icrease the public's
STEM lite racy and
understanding of
NASA's mission
A Engage:Personal Connection
Compelling Mission
Unique Technology
Inspli:
Compelling Mission
Unique Technology
Historical Significance
Figure 39. Graphical depiction of increased specificity to NASA's
strategic management plan. From NASA's current framework, the third
educational objective corresponding to informal education is realized for the
ESMD by using its unique strengths to both inspire and engage the public. A few
example strengths are shown. Adapted image: NASA Strategic Framework.
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To resolve the issue of inconsistent metrics and evaluation, NASA's framework
could specify which "best practices" managers should attempt to use. The
proposed framework also lends itself to improved evaluation since it would serve
as an easy way to organize reporting requirements, such that other educators,
program directors, and the public can view the best practices and outcomes
resulting from NASA's education efforts. The results could be fed into an open
website where information aggregated in the same format could direct people to
successful programs and give them resources for educating.
For a top-level strategic management plan, it is inappropriate to elaborate on
specific metrics required of each program. However, general guidance, such as
where to seek out best practices, qualitative vs. quantitative data, or evaluation
examples would be useful. The National Science Foundation's (NSF)
Framework for Evaluating Informal Science Education Projects is an excellent
example of how this may be done. This document would not be relevant to all
NASA education initiatives since it focuses on informal education, but similar
references could be provided for formalized education and professional
development.
The NSF "Logic Model" outlines several evaluation techniques and ways to
establish metrics and measure outcomes (Friedman 2008). Table 9 offers a
description of how the Logic Model is realized through an Impact Worksheet.
The Impact Worksheet is completed in the formative process to ensure that
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Table 9. Adaptation of National Science Foundation's Logic Model and
Impact Worksheet. The model guides researchers through thinking about the
impacts and results they intend to produce given their resources and desired
outcomes. It helps researchers form realistic goals and begin the evaluation
process early. Modified from Friedman 2008.
Impact Impact Audience Objective Evidence
Category
Breaks down Identify the Identifies the group Metrics by which to
the purpose nature of the the initiative is determine if the
for the impact. Should targeting and Objective was
program/ correspond to "operationalizes" the reached. This
exhibit into overarching impact by indicating category should go
specific project theme. specifically what will beyond
desired be measured to demographics and
results. achieve impact. include participants
and their
understanding.
projects are designed with end results in mind (Friedman 2008). Arguably, the
NSF must address an even more diverse audience when designing its strategic
policies and strategies. However, by providing multiple, specific examples, rather
than generalities, the NSF framework is much easier to implement and
communicates expectations to evaluation.
5.1.3. ExplorationSpace Case Study
The proposed framework was developed in conjunction with Montana's Big Sky
Space Education: The NASA ExplorationSpace at Exploration Works, a project
funded through the 2008 Competitive Program for Science Museums and
Planetariums (CP4SMP) NASA informal education program. The CP4SMP
program was initiated in 2008 to serve as the flagship grant of NASA's OE
Informal Education division (Sladek 2009). The grants are awarded based on
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relevance to NASA's education mission, partnerships that leverage a broad range
of expertise, and fulfillment of the Education Objectives (Sladek 2009).
5.1.3.1. Project Outline
Montana's Big Sky Space Education project is a multi-institution effort among
ExplorationWorks in Helena, Montana (principal investigator (PI)) the
Massachusetts Institute of Technology (faculty co-investigator), Trotti and
Associates, Inc. design firm, local Helena high schools, and NASA Ames
Research Center in Northern California. The project implemented at
ExplorationWorks Science and Cultural Center and serving the Helena, MT
community and rural students statewide, as shown in Figure 21. The project
focuses on human space exploration, human and robotic collaboration in
exploration, extravehicular activity (EVA) technology, and inspirational NASA
personnel. The projects are experiential and geared toward motivating
underrepresented and underserved students, particularly from the state's Native
American communities and girls. The effort seeks to reach rural students from
across Montana by implementing mobile exhibits and easily accessible projects.
Investigators have been closely tied with the Helena community throughout
development, implementation, and assessment stages.
Table 10 highlights the effort's main projects and demonstrates how the proposed
framework was used in developing the exhibits. Thus far, the effort has focused
on project design and implementation of key exhibits for the first year
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Table 10. Projects corresponding to the proposed framework. Each of
the programs highlights one of the strengths of the Exploration Systems Mission
Directorate (ESMD), whose mission is the focus of this project.
Strengths of ESMD
Personal Connection
Compelling Mission
Unique Technology
Earth-based Analog
Earth-based Analog
Simulation
Commercial Spaceflight
Tier Project Implementation
Inspire Knowledge Station Characters, NASA
Women Exhibit
Engage Distinguished Speaker Series, Virtual Field-
Trips, Space Design Workshops
Inspire Knowledge Station, Moonwalker, Traveling
Trunk, Distinguished Speaker Series
Inspire Knowledge Station, Moonwalker, Spacesuit
exhibit
Engage Moonwalker, Mission Planner, PicoCricket
and Robotics program
Engage Space Design Workshops, Moonwalker,
Mission Planner, Traveling Trunk, Robotics
program
Inspire Knowledge Station
Engage N/A
Historical Significance Inspire NASA Women Exhibit, Distinguished
Speaker Series, Knowledge Station,
Traveling Trunk
deliverables. Each of these projects maps directly to an involvement category
and an ESMD Strength. In this way, the program developers were able to parse
out the focus of each exhibit, which fed directly into the evaluation and outline of
the desired impacts.
5.1.3.2. Framework Implementation
Each of the following projects has been successfully launched within the grant's
first year:
(1) Knowledge Station: Shown in Fig. 40, the Knowledge Station an interactive
software tool that uses a gestural interface to teach users about space
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Figure 40. Projects which have been implemented using the proposed
framework. The figure on the left is an image of a student interacting with the
Knowledge Station software in the Education Portal. The middle image is a
screen shot of Bridgett, one of the explorers students encounter in the
Knowledge Station software program. The right image is of two students
participating in robotics learning at Exploration Works.
exploration. The exhibit is an educational portal that allows students to explore,
interact and learn about the International Space Station, Mars, and Europa. The
software is being enhanced to include classroom curriculum and can be
distributed for use in the home.
(2) Distinguished Speaker Series: The Series places an emphasis on women
with careers in STEM professions, brings astronauts, and scientists to
ExplorationWorks for 2-day visits on a yearly basis.
(3) Virtual Field-Trips: These are teleconferences that occur through out the year
to supplement fieldtrips of students to ExplorationWorks by including remote
speakers at MIT and NASA-Ames through a videoconference.
(4) Space Design Workshops: Workshops will be offered on a yearly basis to
promote design education in architecture, interior design, and industrial design
and to motivate high school, university students, and members of the community
in human space mission projects
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(5) PicoCricket and Robotics programs: Although these programs were in place
prior to the effort here, the program has been expanded to include additional
students and teams, taught by ExplorationWorks staff members and local
elementary school teachers (Fig. 40).
Additional exhibits either currently or soon to be in development include:
(6) Moonwalker: This exhibit is a partial gravity simulator where students can
physically experience simulated 1/6g and 3/8g loading of the moon and Mars.
(7) Traveling Trunk: These are trunks that will provide the mini-museum
experience for rural and Native American students who cannot visit
ExplorationWorks. The trunks will include the Knowledge Station software and
potentially give a historical perspective, through stories, videos, and images of
past and current spacesuits and how they have influenced the design of future
spacesuits
(8) Spacesuit Exhibit and Mission Planner: These exhibits will feature hands-on
activities for advanced spacesuit design and mission planning for lunar
operations.
(9) NASA Women Exhibit: This exhibit also highlights the contribution of women
engineers and scientists to NASA, Aerospace engineering, and human space
exploration.
Projects 6-9 are being developed for delivery. However, by determining where
the projects fit into the framework in the formative stage, the design and
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implementation will be carried out in a more thoughtful, and hopefully successful,
manner.
The programs are equally weighted toward the Engage and Inspire involvement
categories. Each of the programs specifically addresses one or more of the
ESMD Strengths from the proposed framework and in many instances uses the
ability to Inspire to channel participants into Engage through activities that are
interactive and allow them to draw connections to their own lives.
From the impact categories defined through the proposed framework, the team
then developed a plan to evaluate the projects with the hope of improving them
and to ensure they are effective. The team is working in conjunction with an
external evaluator, Turner and Associates, and is following an evaluation
structure similar to that of the NSF's Impact Worksheet (Friedman 2008). The
evaluation committee has developed a set of desired impacts, an example of
which can be seen in Table 11, with which the group plans to evaluate the project
over its lifetime.
5.1.3.1. Evaluation
In addition to the overall programmatic evaluation, an in-depth analysis was done
on the Knowledge Station to assess its effectiveness as an informal education
tool and the ways it can be utilized in other informal education environments.
This evaluation will be useful both in assessing how the proposed framework was
implemented, as well as serve as a model for future programs.
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Table 11. Example Impact Worksheet utilized by the Montana's Big Sky
Space Education. Two of the impacts defined by the. The method allows for
more effective evaluation over the duration of the project
Impact Impact Audience Objective Evidence
Category
A broad Inspire - Large population of all 500 people annually will
audience is Personal ages from Helena and attend the
enabled to Connection its surroundings will Distinguished Speaker
interact with attend the Distinguished Series.
NASA Speaker Series at
employees Explo ratio nWo rks
A broad Engage - Large population of all 500 people annually will
audience will Personal ages from Helena and participate in the
draw personal Connection its surroundings will Distinguished Speaker
connections participate in Series Challenge
with NASA Distinguished Speaker (empowers audience to
employees Series activities after investigate a topic after
they have left the Series is over).
ExplorationWorks
As seen in Table 10, the Knowledge Station (KS) is a tool whose main objective
is to inspire users to become more interested in human and robotic space
exploration and NASA's mission, corresponding to Objective 3 in NASA's
framework.
The program attempts to use five of the identified strengths of the ESMD to
inspire interest. The KS is guided by three exploration characters, two human
and one robotic, who explain the content and suggest modules for students to
interact with. These characters bring a personal connection to users so they feel
as though they are actually listening to NASA personnel. Additionally, the content
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shows daily astronaut life, allowing users to draw connections to their own lives.
The KS uses the ESMD's compelling mission to inspire interest in exploration.
There is a section devoted to why we explore and the future of the spaceflight
program. Also, the historical significance of exploration is prevalent in most of
the modules since the content reviews the current state of technology and
previous exploration accomplishments. One of the strongest themes in the KS
content is the challenges associated with exploration and how they can be
overcome. Through its interactive modules, users get to interact with virtual
robots through teleoperation, move an astronaut in an MCP spacesuit, and
exercise as astronauts do on the ISS. In this way, the KS allows users to feel
they are in a small-scale exploration analog simulation. Finally, the KS informs
users of the technologies NASA uses to carry out exploration, including
spacesuits, exercise equipment, and robotic technology.
This is the intent of the program as seen through the proposed framework, but is
not necessarily the reality of its implementation. To assess this, the logic model
was used in conjunction with qualitative research methods developed from
Maxwell (Maxwell 2005). The results of this evaluation are presented in the
following section.
5.2. Knowledge Station Evaluation
The evaluation methods described in Chapter 3 were used to conduct a
qualitative analysis of the KS. The results of both in-museum and in-home users
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are presented first by individual experiences to provide rich data and put findings
into context. Then, the content is separated into coding themes in order to
assess whether the KS contributed to fulfilling Objective 3 by inspiring users
through the five ESMD strengths described. Additional recommendations are
given to inform the design of future tools, such as the Moonwalker exhibit
currently in development.
5.2.1. Experience Summaries
Each of the five in-home users and five representative in-museum users are
described. As shown by Falk, et. al, learning is context specific and varies a
great deal for individual users. It is also quite challenging for people to assess
their own learning immediately after an experience, and may only realize the full
impact of their exposure much later, as the information becomes relevant or
additional concepts build upon those encountered in the museum (Hein 1998;
Falk 2000). For these reasons, the interviews attempted to incorporate not only
individual preferences for learning, but also previous exposure and the extent to
which the KS content was explored.
5.2.1.1. In-Home Use Students
Subject 1 is a 10 year old girl living in a small community with a single K-8 school
where she is part of the gifted and talented program. Her mother is the principal
and a teacher. Her knowledge of space primarily came from her classroom
experiences where she learned about the solar system. She is generally
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interested in science and math, but not necessarily space. When asked, she
was not very familiar with NASA or what it does. She is a very intelligent girl and
was able to talk about scientific concepts with a high level of understanding.
After using the program, she was more knowledgeable of NASA's mission and
how we explore, but she did not seem to have a deep understanding of the
content in the program. She had difficulty setting up and starting he program,
which substantially inhibited her ability to use it. She had seen a few websites in
the More Info section (a portion of the program students can click on and be
directed to informative websites), but did not explore it extensively. Her favorite
portions of the program were the interactive modules using motion capture where
she could guide a robot, move an astronaut, or participate in space exercise
(spacercise). Her experience, though, was clouded by frustration with the
usability of the program.
Subject 2 is a 12 year old girl from a town about 45 minutes from the nearest
large city. Her mother is a teachers aid in her school. She is very experienced
with using computers and loves playing computer games. She did not have a
strong background in space related topics, and is very interested in biology and
animals. She did not enjoy using the KS and had great difficulty setting up the
program and using its interface. Her exposure was very limited because she
thought the ISS was the only module. Of the sections she did see, her favorite
was the interactive module. She quit using the program out of frustration, despite
having an interest in space. As a result, she learned very little and when asked
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content related questions, resorted to making generalizations or drawing upon
prior knowledge.
Subject 3 is a 13 year old girl living within an hour of Helena. Both of her parents
are teachers. She had visited ExplorationWorks museum on several occasions
but had not seen the KS exhibit. She is very interested in biology and medicine.
She found the ISS module the most interesting. She knew about bone
deconditioning prior to using the program, but knew little else about space. She
really enjoyed using the More Info section and reading through the material,
preferring it to the interactive sections of the program. She demonstrated an
increased understanding of NASA and its mission after using the KS. She was
able to speak knowledgeably about several space topics she did not know about
prior to using the program. She did not have any issues with using the program
or understanding its content.
Subject 4 is a 12 year old boy who lives far from any large Montana cities. He is
very knowledgable about NASA and many space topics. He has a mature
understanding of what kinds of activities are done while on orbit, what life as an
astronaut is like, and what function NASA serves in society. He spoke very
intelligently about space and enjoyed the informative sections of the KS program
more than the interactive portions. He read through all of the websites in the
More Info section and was able to understand a greater breadth of problems
associated with space exploration. He enjoyed the Europa and Martian modules
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the best because he did not know the information found in those modules. He
did not have any problems using the program.
Subject 5 was a 10 year old boy who is home schooled and taught by his
parents. His STEM curriculum was more free form than traditional classroom
education. His parents felt strongly about incorporating technology into
education and encouraged him to use the computer for educational purposes.
His science curriculum was more exploratory and free form, using scientific
concepts to solve problems, rather than traditional scientific method of inquiry.
His math education is more traditional, and math is his least favorite subject. His
coursework has not covered space, and his prior knowledge was very shallow.
He did, however, express interest in space. His parents required him to use the
program every weekday for about half an hour. Through the KS he developed a
much stronger understanding of what kinds of activities are performed in space
and what NASA employees might do. He was not independently motivated to
use the program, but retained a great deal of information. Any issues or
confusion he had using the program he consulted his parents to resolve.
5.2.1.2. In-Museum Use Students
Subject 6 is a 14 year old boy on his first visit to ExplorationWorks. He did not
look at rest of museum because the purpose of his visit was to use the KS for the
study. He loves math and science and knows a bit about space exploration. He
used KS on the laptop platform because the main exhibit was occupied. He
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followed the instructions given in the beginning of the program. He was
uninterested in the motion capture modules but liked using the More Info section
because it allowed him to study the topics he found most interesting. He did not
have any issues using the program and easily navigated all sections. He
understood the content and demonstrated a clear ability to learn the material.
Subject 7 is a 10 year old boy in the 5th grade. He had been to the museum
before and primarily explored the most interactive exhibits (Amazing Airways, the
virtual hang glider, and a cloud-ring maker) before using the KS. He likes math
and science but didn't know anything about space exploration. He wanted to use
the main exhibit platform, but the exhibit computer was not working. He moved
to laptop platform and jumped into the modules without listening to the
instructions. He did not know what the More Info section was, but loved using
the interactive motion capture. He primarily skipped the content of the modules
in order to interact with the motion capture sections. His understanding of the
content was limited and drew primarily from his interactions with the motion
capture. He continually asked the researcher clarifying questions because he
had difficulty navigating the program.
Subject 8 is a 12 year old girl who had visited the museum once a very long ago
prior to this visit. She briefly explored several other exhibits in the museum. As
she went, she read the content and instructions associated with each exhibit,
trying to figure out how it worked before moving on. She likes math and science.
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She was vaguely familiar with NASA and space exploration prior to using the KS.
She chose to work off the laptop and followed a top-down approach to using the
program so she "wouldn't miss anything". She listened to everything and thought
the directions were really long. She liked the motion capture and never used
More Info section. She loved the KS but felt it was inconsistent with the other
exhibits because because of the time required to do the whole program.
Although she did the entire KS program, she did not read the panels that
accompanied the exhibit. When asked, however, she was not able to recall
specific content she had absorbed.
Subject 9 is a 14 year old 8th grade girl. She had been to the museum once with
her school and once with her parents and had tried the KS exhibit on one of
those trips. She only had a few minutes to explore the museum and spent her
time interacting with the Amazing Airways exhibit. She does not like math and
science. She knows what NASA is, but not anything specific beyond that. She
used the laptop platform because she had used main exhibit platform in her
previous visit. She listened to all instructions and briefly tried to use the camera
once. She clicked on More Info section but did not explore more websites. She
explored most of the program randomly and needed navigation help on occasion.
She spent 30 minutes using the program and retained some content.
Subject 10 is an 11 year old girl whose mother works at the museum. She is very
familiar with the exhibits and has taken many classes at ExplorationWorks.
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When exploring the museum, she went straight to her favorite exhibits, Newton's
Cradle and the virtual glider. She loves all subjects in school. Her knowledge of
space came primarily from what she knows about NASA's rovers and Martian
exploration. She enjoyed the KS, but thought it could have been more interactive
and engaging, perhaps by encouraging the users to build something or to making
the program more like a video game. She started on the main exhibit platform,
but then moved to laptop because she had difficulty using the hardware. She
found the living in space section to be interesting. Initially, she was patient in her
interaction, but then began clicking randomly. She never used the More Info
section and thought the program ended with the ISS module. She only spent 10
minutes on the program and didn't seem to understand the menu system. Of all
the subjects in the study, she was the only one who actually read the panels that
went with the exhibit. Even though she had only seen a small portion of the
program, she understood and retained the content.
5.2.2. Synthesis of Findings
It is difficult to say whether or not the proposed framework improved the quality of
the learning that occurred as a result of the KS program. Instead, the only claims
that can be made are derived from the comments made by students and whether
or not that corresponds to one of the five ESMD strengths and contributes to
NASA's Objective 3, to increase the public's STEM literacy and understanding of
NASA's mission.
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5.2.2.1. Pre-exposure Findings
Most students held common misconceptions about NASA prior to using the
program. It was not uncommon for students not to know what NASA was or what
kinds of activities it does. Several students referred to it as a company. Two
students drew upon popular media and thought NASA's function was to help
protect Earth from either extraterrestrials or objects on impact trajectories with
the planet. Many students also seemed to feel that walking on the Moon was a
common role of an astronaut or did not know about the ISS.
Astronauts were the primary way students identified NASA. Every student
indicated that being an Astronaut is a typical NASA job. Additional jobs identified
prior to using the KS were researchers, technicians, and engineers. The Mars
Rovers were the other common way students identified NASA. Three of the five
in-home use students indicated that using the rovers was one of the primary
missions of the agency.
Some students, however, were very knowledgable of the missions NASA carries
out. One student was able to identify what the International Space Station is and
what astronauts do aboard prior to using the program. This same student could
also identify the change in NASA's exploration policy and the complex issues
associated with funding.
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Student's knowledge about space was primarily limited to Solar System
astronomy and identification of the planets and their characteristics. This topic is
part of the Montana state science curriculum, and therefore was very familiar to
the students. Regardless of whether or not the student liked STEM subjects,
most referred to learning about space as interesting and enjoyable. Although this
is a biased population since participation in the study was voluntary, this still
indicates that space is a compelling subject for students to learn about. Three of
the five in-home use students indicated they had seen or enjoyed watching
educational television programs about space. It did not seem that many students
had an understanding of the issues associated with human or robotic space
exploration, and that astronomy was the extent of their knowledge. One student
knew that astronauts lost bone mass while in space prior to using the program,
while another student was able to talk about the International Space Station and
life onboard.
Every student asked was able to see ways in which STEM was applicable in his
or her life. Examples cited were in teaching things to siblings, helping parents on
the farm, or understanding doctor's visits. Most students liked learning, and
although not true of all students participating in the study, most liked science and
many liked math. Students primarily identified Science and Math as their core
technical classroom subjects, however a few referred to engineering and
technology education throughout the interviews.
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5.2.2.2. Post-exposure Findings
The success of the KS program was mixed. Most of the issues people had with
the program stemmed from usability, complicated set-up procedures, and
hardware problems (to be discussed in the next section). Overall, every student
thought the concept of the KS was interesting and valuable and the content of
the program was well received. Three of the parents interviewed felt that the
program was valuable exposure for their child. The program was considered
very unique and different from normal computer activities, classroom curriculum,
or television programming. Students preferred different modules, with
Spacercise being the most popular. 'Living in Space' was the only section where
students already knew some content. For some, this made that section more
interesting since they could pursue the topic in depth, while for others this made
it boring.
Family members were the primary people students shared their KS experience
with. For several students, this meant showing a sibling or guardian how to use
the program both in the museum or at home. Students also spoke of the
information they learned from the program with their family members. Only one
in-home use student showed the program to his friend.
Almost all of the students felt that the KS was a program which could be worked
into their normal science curriculum. One of the major problems identified with
formal education by a few students and one parent is boredom. It was felt that
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an appropriately modified KS would be able to combat boredom and engage
students. In order to be effective, however, some subjects felt that the interactive
portions should be expanded.
Students who preferred the interactive portions of the program demonstrated the
least prior knowledge of space. However, these modules provided the hook to
get the student to participate in the program. However, the amount of learning
that occurred as a result of these modules is unknown. The content surrounding
the modules is where the majority of information can be learned. However, by
moving and physically interacting with the program, students develop an
emotional response, which will be associated with learning (Falk 2000). Some
students, however, were able to circumvent the content with the interactive
portions. A handful of students enjoyed the content and websites in the More
Information section the most. Typically, those students were among the oldest
and demonstrated a deeper understanding of science in the pre-exposure
interviews. These findings shows that it is necessary to provide a broad range
of avenues to explore content to accommodate many different users.
Three of the five students interviewed for in-home use felt that the greatest
contribution NASA makes to society is playing a major role in identifying and
solving scientific mysteries. Students felt that NASA does this by using
telescopes, rovers or robots, sending astronauts into space, and building space
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hardware. Students generally felt that NASA was valuable and contributed to
society.
5.2.2.3. Usability
Perhaps the most important finding from the study is to make program usability a
top priority. The program was originally developed for high school students. The
museum, however, caters to a younger audience. The discrepancy and maturity
of the users may have contributed to their inability to use the program. For this
program there were three areas where usability issues were found: Installation,
Menus and Navigation, and Reliability.
Some students and guardians participated in the program's installation process.
This process is involved and can be confusing, requiring a large time
commitment. The installation procedures also vary based on the operating
system and software. Two families attempted the installation and found it very
difficult, significantly detracted from the KS experience. One family was unable
to use the program for a long period of time, decreasing the student's excitement
to use the program. The other family loaded the information correctly but was
convinced they had made an error. The process generated negative attitudes
toward the program and caused the student subject not to use it.
Approximately 50% of all students interviewed were unable to easily understand
the menu system. Students who listened to the instructions found the program
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easier to navigate, however it is unlikely that every user will have the patience or
desire to follow along. Additionally, several students noted that the instructions
were quite long. Even if the subject listened to the instructions, this did not
necessarily mean he or she understood how to navigate. Despite repetition of
the phrase, "Click on the More Info section to find out more..." some students
were not aware it existed. Students were also confused by the interactive
portions of the program where they felt the interaction should be more game-like,
rather than demonstrative. Only a few students said they found the program
easy to use.
Additionally, some issues with the museum exhibit were not resolved. The
exhibit uses trackpads, similar to those found on a laptop. The trackpads were
located on the arms of the exhibit, not in the immediate field of view of the user.
The trackpads were off in orientation by 90 degrees, making the user's mental
model for how a trackpad should work incorrect. Since most elementary, middle,
and high school students are more familiar with navigating with a mouse, it may
be desirable to use traditional technology.
In addition to menu and navigation problems, the program was not reliable.
There were several bugs in the program which were only encountered after
several hours of use. Often, these errors were not repeatable, making
diagnosing the issue impossible. Problems included connecting to the internet in
order to access the information, the program looping through the introduction
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when different modules were clicked, and the motion capture system not feeding
into the program properly. Each of these difficulties detracted from the learning
experience. In most instances, students were able to work around these
difficulties. However, it is important to resolve these issues since the two in-
home use students who had no issues were the students with the most positive
reactions to the KS and demonstrated the greatest increase in learning.
5.2.3. Impact to Framework and Recommendations
The KS program succeeded in contributing to NASA's Objective 3. After
interacting with the KS, students demonstrated an increased understanding of
NASA's mission. The program expanded their understanding of the types of
missions involved in space exploration and the motivation and challenges behind
exploration. Students further increased exposure to STEM literacy by sharing
what they learned with family members.
Students did not explicitly indicate that they made a personal connection with the
characters in the program, but some did- mention preferences for one character
over another. Many students showed an increased understanding of the daily life
of an astronaut and some drew parallels between their lives and those of
astronauts, such as the need to exercise.
136
The most successfully operationalized ESMD strength was the use of unique
technologies. Many students were not aware of the extent to which NASA uses
robots and the relative benefits of human and robotic exploration. It was clear
that many students understood the need for improved spacesuit design and
novel types of exercise equipment to enable space exploration.
Several students felt that the interactive portions of the program were simulations
of realistic astronaut activities. One student spoke of how she exercised like an
astronaut by using the program, and another spoke of how difficult it must be for
NASA to control robots remotely. The interactive modules allowed students to
feel as though they were participating in these activities, making them relevant
and contributing to their experience.
One area which did not seem to have been successfully conveyed was the
historical significance of space exploration activities. None of the students
mentioned the module devoted to reasons for exploring space and none of the
in-museum use students viewed the module.
A formative evaluation should be performed to address issues with usability.
The Knowledge Station went through an initial content assessment, but this did
not incorporate exhibit design and hardware. Future programs should be more
intuitive such that even if a student enters the program midway through the
experience, he is able to navigate easily. This can be tested using formative
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evaluation methods where subjects participating in a pilot study provide feedback
on the interface. This would also help ensure that the program is reliable.
Future programs should have streamlined installation processes, similar to those
available in commercial software, which can also be tested with potential users.
If this is not available, the installation steps should be minimized and kept
consistent across all platforms.
Also, hardware should be tested and replaced prior to installation. For
multimedia exhibits, it may be desirable to use to touch screens, which eliminate
additional hardware and improve usability of the system. In the case of this
exhibit, it was not possible to correct the hardware issues. However, future
designs should be built with flexibility to accommodate changing needs.
Overall, the framework was successfully implemented and contributed to the
intended education outcomes. With the resolution of usability and the continued
focus on strengths as identified through the framework, future projects will be
even more effective than the Knowledge Station. The results of the Knowledge
Station and the implementation of the framework in designing museum exhibits
demonstrates using the framework can lead to strong, successful programs.
Further evaluation is necessary in multiple contexts and types of projects.
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6. Conclusion
6.1. Major Findings
This thesis contributes to both spacesuit design and strategic policy in public
organizations literature.
Mechanical counterpressure spacesuits have the potential to provide equivalent
protection as a gas-pressurized suit without impairing mobility (Webb 1967;
Newman 2005; Waldie 2005). Many researchers have attempted to address the
need for higher pressure MCP garments (Webb 1968; Clapp 1984; Tanaka 2003;
Danaher 2005), but relatively little work has been done on donning . The MIT
Biosuit project was the first to explore donning both conceptually and
experimentally (Newman 2000; Bethke 2004; Newman 2005; Sim 2005). This
work builds upon these researchers and focuses specifically on the donning
problem. It develops a viable solution to the donning problem for mechanical
counterpressure spacesuits which has not yet been achieved in other work.
This work also proposes a framework to refine NASA's strategic management
policies, showing how it can be implemented and evaluated in an informal
education project. STEM education in the United States is a major focus of the
federal government (Rising Above... ; Report of the Academic... 2007; Lanzerotti
2008). Contributing to this effort, NASA has developed an education framework
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to organize all of its various education efforts (NASA 2007). This framework is
analyzed against best practices in strategic management policy (Tregoe 1980;
Harrison 1986; Koteen 1997). The work presented here can be used as a case
study for other agencies with similar structures, such as NOAA or the NSF.
The specific contributions of this work are reviewed below.
6.1.1. Specific Aim 1: Modeling
The first specific aim was to develop a model capable of predicting the behavior
of a network of toroidal rings loaded by an elastic garment. This work modified a
model derived by Weeks to calculate torus geometry to prevent buckling under
the load of an MCP garment. The model is a simplification of the actual system,
but generally predicts its behavior. The model will be used as a design tool for
future prototypes and will continue to be improved upon.
6.1.2. Specific Aim 2: Prototyping
The second specific aim was to develop a network of gas-pressurized tubes used
to open a MCP garment, and to test it both experimentally and analytically. A
working prototype was achieved for a partial spacesuit pressure MCP glove/
sleeve. Novel construction methods were used to develop an airtight network of
tubes that aided donning when inflated. The behavior of the system was
compared to the model developed in fulfillment of the first specific aim. A
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parameter analysis on tube geometries showed that the concept be used for
MCP garments at higher pressure and remain inside the design requirements.
6.1.3. Specific Aim 3: Framework Development
The third specific aim was to develop an education strategic management
framework that builds from NASA's current education framework and is more
implementable than the current NASA plan. NASA's plan was evaluated and
found that it did not provide enough specific guidance on how projects should be
designed. The framework was modified to include an additional layer of
specificity and to suggest that future frameworks could include additional
guidance on project evaluation. The proposed framework was implemented in
an informal education project to orient programs to the strengths of NASA's
Exploration Systems Mission Directorate.
6.1.4. Specific Aim 4: Evaluation
The fourth specific aim was to evaluate the proposed framework in the context of
an informal education project in order to provide lessons that can be incorporated
into future programs. The framework's implementation was evaluated by
analyzing the Knowledge Station program to determine if a project developed
under the framework would achieve its intended objectives. The Knowledge
Station helped achieve an increased awareness of NASA's mission and STEM
literacy. The greatest shortcomings of the program were related to its
implementability, which will be made a top priority in future project development.
6.2. Limitations
The greatest limitation to the MCP donning work is its scope. It assumes the
principles used to design a system for a glove and sleeve would be the same as
those used for a suit over the rest of the body. There is no intuitive reason to
believe the equations would be different, however, it is important to note that
creating pressure over larger body radii becomes increasingly difficult, as shown
in Eq. (1). Also, the designed conditions used here are for a fraction of the EMU
suit pressure due to the considerable design challenge of creating 29.6 kPa
against the skin. However, to mitigate the uncertainty both modeling and
prototype development were used to analyze the concept. This work also does
not address some of the more complicated issues associated with designing an
operational suit, but rather should be treated as a proof-of-concept system.
Finally, this work only explored gas pressurized tubing systems to solve the
donning issue.
The greatest limitation to the framework analysis is its generalizability. It has not
been determined if the principles used for this project would be equally
successful for other agencies. The recommendations drew from the literature to
include best practices, however every organization is different and may not
require the same structure as this framework. However, two public agencies, the
NSF and NOAA were presented as other potential agencies that may require a
similar strategic management policy structure. Also, the evaluation work did not
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incorporate all aspects of learning nor long term effects. This is nearly
impossible to do for museum studies since frequently the type of learning that
occurs cannot be assess in the short term. Also, only one program was
evaluated in depth and likely does not provide a holistic picture of how
successfully the framework influenced program design. Therefore, the
conclusions drawn from the study were not able to be linked directly to the
framework implementation. Finally, it is difficult to draw general conclusions from
qualitative studies due to the small sample size and individual variability.
6.3. Future Work
The model continues to be improved to more closely represent the glove system.
Work is being done to develop a new analytical model which more accurately
represents the geometry of the system designed. Future models should
represent the entire network of tubes, including the MCP material between tori.
The spacing of the tori will have important implications with regard to the number
of tubes and their diameters in order to don the MCP garment. Other modeling
techniques are currently being explored, including numerical solutions.
The prototype construction should also be improved. Higher internal tube
pressures and continuous integration of the tubes to the outside of the garment
should be aspects of future designs. It would also be desirable to lower system
profile. The concept should be tested on multiple MCP garments that operate at
higher skin pressures to further validate the approach used here.
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Additionally, future testing should be done to prove that donning the garment with
the tube system is easier than without. Measurements could include the force
required to don, time, and subjective measurements given by the user.
Projects continue to be developed for the ExplorationWorks informal education
grant. Currently in development are exhibits focusing on experiencing variable
gravity environments and understanding how exercise prevents physiological
deconditioning. The lessons for implementation, usability, and how to implement
the framework learned from this effort are being incorporated to these projects.
Future work could also include consulting NASA education personnel, educators,
and program developers to attain feedback on the proposed model and how
implementable it would be in their specific jobs.
6.4. Conclusion
This work uses theoretical modeling and prototype testing to develop a realistic
solution that allows MCP garments to be donned and doffed easily. This study
has developed an innovative approach not previously demonstrated. A model
representing parts of the system and a novel prototype construction method
were developed. Although work is ongoing, the system shows promise for
extrapolation to current operational suit pressures. This work contributes to
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resolving how an MCP suit is donned, making the potential benefits associated
with MCP suits closer to being realized.
NASA's dedication to education contributes to filling the STEM education gap by
utilizing its unique projects to inspire, engage, educate, and employ the next
generation of students. The Agency's strategic management plan is well
designed and incorporates many of the best practices from private industry.
However, the framework could more effectively leverage its unique capabilities to
promote STEM learning. The proposed framework shows how an additional
layer of specificity improves the clarity of NASA's plan. This work focuses
specifically on informal education and how the ESMD can best be utilized to
increase learning. When implemented in Montana's Big Sky Space Education,
the proposed framework, as evaluated through the Knowledge Station program,
led to an increased understanding of NASA's mission and STEM literacy.
Space exploration and extravehicular activity (EVA) have the ability to inspire
interest STEM subjects, leading to the next generation of engineers and
scientists. To facilitate exciting and complicated EVA, an improved suit design
that maximizes safety and mobility will be required. NASA must use an
education strategic management plan which can help the agency capitalize on
these exciting projects. This thesis strives to furthers these efforts, both on orbit
and on Earth.
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Appendix A
Initial Student Interview: Objective is to (1) understand the student, (2) find out
what they think/feel about STEM, (3) learn how and why they think its important
or unimportant, and (4) understand how they normally engage in informal
education.
Tell me about yourself.
Tell me about your school.
What are your extracurricular activities?
Tell me about your science classes.
Do you like science? Why?
What is the hardest part of your science classes?
Do you think science is useful for you in your daily life?
Tell me about your math classes.
Do you like math? Why?
What is the hardest part of your math classes?
Do you think math is useful in your daily life?
What do you do in your free time?
Do you use math and science in any of those activities?
Do you ever use the internet to learn about space, the ocean, the earth, or
any other cool educational topic?
If so, why do you spend your time doing this?
Do you ever watch tv shows that teach you about space, the ocean, the earth,
or any other cool educational topic?
If so, why do you spend your time doing this?
Do you ever go to the museum?
Do you ever go to the science museum?
What do you do there? What is your favorite part?
What city do you visit most often?
What do you do there?
Do you do any educational camps or activities?
If you could change one thing about your education, what would it be (both
inside and outside the classroom)?
What do you know about NASA?
What do you think about NASA?
What kinds of things to people who work for NASA do?
What do you think about outerspace?
Have you ever talked about space in your school?
Have you ever talked about space in your activities outside the classroom?
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Appendix B
Parent Interview: Purpose is to determine how the parent understands their
child's learning, how they encourage education, what they think about the
Knowledge Station, and what they think about informal education.
Has your child spoken with you about the KS? What did they say about it?
Have you used the KS?
Has anyone else in your family shown interest in the KS?
Do you think the KS has been valuable? Why?
Have you noticed any changes in your child's interest in science and math?
What do you think would really get him or her into the tool?
What are you looking for in activities you like your child to participate in?
Are there any activities you would like to have access to as a way to get him
involved in math and science?
Why did you put him or her in (insert activity)?
How do you see your role in his or her education?
Do you think you have sufficient opportunities to do educational activities?
Student Follow-up Interview: Purpose is to determine how the student
interacts with the software, what he or she thought about it, what he or she
learned from it, what could be better, what really got them interested, and
whether or not what they think about NASA and STEM has changed.
Do an observation of the student working with the education tool and ask them to
talk you through it and describe their experiences.
What did you think was interesting?
What did you think was boring?
In which section did you spend your most time?
Did you look at any of the websites in the More Info section? What did you learn
from them?
Did you do any research on your own about these topics?
Did you show the program to your friends? What did they think?
What do you know/think about NASA?
What do people who work for NASA do? What about robots?
What can NASA teach us?
Have you ever learned any of this material in school?
Does this material relate to your schoolwork in any way?
If you could relate this experience to something you've done in the past, what
would it be? (if struggles, add, like a video game? Educational program?
Classroom work? After school program?)
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Appendix C
General Museum Interview
Date: Interviewer:
Student #: Time in: Time out:
Gender: Male Female
[Greet museum visitor---gather demographic information]
Demographic Information:
1. How old are you?
2. What grade are you in?
3. Where are you from? What school do you attend?
4. Is this your first visit to ExplorationWorks?
5. In no, with whom and why did you visit the museum previously?
6. Have you ever taken a class at the museum?
[Follow and observe visitor as he/she interacts with the first level of the museum,
paying particular attention to his/her actions and responses to the Knowledge
Station]
Amazing Airways: 1 2 3 _ Notes:
Flight Simulator: 1 2 3 Notes:
Cup Blower: 1 2 3 Notes:
Glider: 1 2 3 Notes:
Knowledge Station: 1 2 3 Notes:
Coffee Filter Flight: 1 2 3 Notes:
Cloud Rings: 1 2 3 Notes:
[ If visitor spends significant time at Knowledge Station, use separate protocol]
[After the visitor finishes exploring the museum, ask the "background
information" and the "visitor opinion questions"]
Background Information:
1. What is your favorite subject(s) in school?
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2. Do you like science and math?
3. What type of science to you like best? Earth science (6th grade), life science (7th
grade), physical science (8th grade), other?
4. Before coming to ExplorationWorks, had you heard about Space exploration or
NASA? What had you heard?
5. What are you favorite hobbies? OR what other activities do you participate in
outside of school?
Visitor Opinion Questions:
1. Overall, how satisfied were you with your ExplorationWorks visit?
2. Overall, how satisfied were you with the KS?
3. Were there any exhibits you did not enjoy?
4. Do you have any additional comments or questions about the KS?
Knowledge Station Specific Interview
[Follow and observe visitor as he/she interacts with the Knowledge Station]
Open Interview Knowledge Station Observations:
Which computer does the student use laptop or main exhibit? If the student uses a
laptop, is there someone else using main exhibit?
After the general introduction, which section does the student interact with first? Why?
Does the student listen to directions before proceeding?
Does the student respond/react in anyway while using the KS?
Does the student ever utilize the "MORE INFO" button? If so, which one?
How many different sections does the student investigate before leaving the KS? Is
there any pattern to his/her choices?
Does the student ever ask for help? If so, from whom.. .parent, staff, interviewer? What
is the nature of their question? Confused? Did not understand part of the directions?
Other?
General Comments after student uses the KS
1. When does the student utilize the KS?
a. Immediately
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b. After interacting with other exhibits
c. Not at all
Comments:
2. How long did the student interact with the KS?
3. Aside from the computer program, did the student read the other exhibit
material?
4. Did the student explore most of the KS or focus on specific sections?
[After the visitor finishes exploring the museum, ask the KS assessment
questions before the "background questions" and "visitor opinion questions"
from the general interview]
Assessment Questions:
ISS
1. Living in Space (Intro) - How long do astronauts spend on the ISS?
2. Physiological deconditioning - What are some of the changes that happen as a result
of physiological deconditioning?
3. Spacercise - What kinds of exercise to astronauts do? Why is it difficult to exercise in
space?
4. Spaceflight Experiments - Describe one kind of spaceflight experiment done on the
ISS
Mars
1. Search for Life on Mars (Intro) - How are we currently exploring Mars to look for life?
How will our exploration change in the future?
2. Extravehicular Activity - What is extravehicular activity?
3. BioSuit System Design - Why are current spacesuits difficult to move in?
4. Mobility and Locomotion - Why is it important to study how people move?
Europa
1. Search for Life on Europa and Beyond (Intro) - What makes Europa an interesting
place to explore?
2. A Moon Far, Far Away - Why do we think that Europa may have oceans below its icy
surface?
3. Human Robotic Cooperation - Why do we need robots to help humans explore?
4. The Vision for Space Exploration - Why is it important to explore space?
Panels
1. What are some technological advancements that have come from space flight? (For
Bridgett's panel)
2. What types of tasks are robots good at? (for the M. Tallchief panel)
3. What is one potential destination for human exploration? What might we study
there? (For the Max panel)
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